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Glycerol is the main byproduct from biodiesel production and expected to be a cheap 
feedstock for the production of useful substances. Furthermore, waste glycerol (WG) which is 
released from biodiesel production has a high pH level as well as contains toxic chemicals. 
Treatment of this waste requires a high cost, in turns raising cost to the biodiesel industry.  
Therefore, glycerol and WG should be either utilized or treated properly to make the biodiesel 
industry to be more competitive as well as to reduce the environmental burden. Here, in the 
framework of this thesis two approaches were taken: (1) Utilize glycerol as a feedstock for 
producing hydrogen via metabolic engineering in Escherichia coli; and (2) Bioremediation of 
WG and waste activated sludge (WAS) to produce biofuels (hydrogen and methane) and to 
reduce sludge.  
E. coli is a potential microorganism for hydrogen production because it can sustain a high 
growth rate, requires simple technology and could achieve a high hydrogen yield and 
production. However, hydrogen production from glycerol by E. coli is still not effective 
because of slow cell growth and low hydrogen production. Thus, we aimed to enhance 
hydrogen production from glycerol by using E. coli which can be easily manipulated. We took 
to sub-approaches: (i) improvement of glycerol metabolism toward hydrogen production by 
metabolic engineering; and (ii) random transposon mutagenesis to find beneficial knockouts 
for hydrogen production. In the first approach, a novel engineered strain with seven knockouts, 
BW25113 frdC ldhA fdnG ppc narG mgsA hycA was constructed and it shows 5-fold higher 
hydrogen productivity (µmol H2/ mg protein) than the parent strain. In the other approach, four 
genes, aroM, gatZ, ycgR, and yfgI were found by transposon mutagenesis and these knockouts 
showed better growth rate and hydrogen production.   
In the second approach, WAS which is released from the waste water treatment plant 
(WWTP), and is an environmental burden. Conventional treatment methods such as heating or 
xii 
 
dumping of WAS often require either high cost or large landfill, respectively. In practice, it is 
estimated that WAS treatment accounts for a half of the operating cost of the WWTP. By 
utilizing WAS as a microbial source to degrade glycerol and alkaline pH characteristic of WG 
to reduce WAS quantity, the anaerobic digestion was conduced with different WAS and WG 
ratios to figure out the optimal condition for sludge reduction and biofuel production. It is found 
that WAS was reduced by 62% under the condition of 25% WAS and 50% WG. Moreover, 
anaerobic digestion of 10% WAS and 1% WG was the optimal condition for producing 
hydrogen and methane. At this mode, hydrogen and methane production was increased by 24 
and 8 fold in comparison to those of without supplementation of WG, respectively. Finally, co-
digestion of WAS and WG is economically viable for the WWTP, and this technique is more 








1.1 Perspectives on the global energy  
One of the most turning point in human civilization is the day when human species 
discovered and used of fire dating back 250,000 years ago (Smil 2004). As time passed, 
expansions in use of energy have come along with the human history as a vital factor for the 
human evolution. More and more energy sources have been found and used to meet raising 
demands of human as well as to enhance the efficiency in energy use.  
Generally speaking, the world history of energy is the transitions of energy which regard 
as the quantity (growth in energy use and harness), structure (type of energy form) and quality 
(energetic and environmental characteristics of energy form)  of energy (Arnulf 2004). In terms 
of quantity, global energy use increases over years along the human history. It becomes clearer 
with the use of coal for steam power in the Industrial Revolution by the 1800s. Within 200 
years, global energy use has increased 20 fold (Arnulf 2013).  
 
 
Figure 1. The outlook of world energy primary consumption (source: BP)  
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Apparently, the global demand of energy continues to increase over years due to a rapid 
increase in population, urbanization and economic development. On average, energy 
consumption per capita increases 15.7% over the past 30 years (Pérez-Lombard et al. 2008). 
By 2013, the world energy consumption was roughly 12 billion ton of oil equivalent (Fig. 1). 
It is estimated that global energy consumption will increase by 41% between 2012 and 2035. 
Energy demand will increases by 1.5% per year and it is mainly driven by the emerging 
economies such as China and India (BP 2014).  
Regarding energy form, energy has gradually transited from fuel wood, waterwheel and 
windmill, animate power, biomass and fossil fuels to electricity, nuclear power, solar and wind 
power. Fig. 2 shows that energy supply drastically shifted from traditional fuels to fossil fuels 
such as coal and oil by the starting of the Industrial Revolution. The share of other fuels, 
especially oil later surged due to the postwar economic boom by the 1950s.  
 
 
Figure 2. Structure transition in primary energy supply (in percentage) 1850- 2025. Traditional 
fuels (brown), coal (grey), modern energy carriers (oil, gas, hydro, nuclear and renewable, red). 
Dashed and solid lines indicate model estimates: 1850-1980 (dashed lines) based on a logistic 





It is believed that the technology breakthrough not the economic or the scarcity of energy 
resource is a main driving factor for the energy transition from traditional energy to coal, and 
from coal to oil, natural gas and other fuels (Grubler and Grubler 2013). If the shift of energy 
from traditional fuels to coal is driven by the invention of steam power, the early transition of 
energy form from coal to oil, natural gas and others was due to the innovation of diffusion of 
steam and gasoline engines and electric motors (Arnulf 2013).   
At the present, roughly 80% of energy supply is derived from fossil fuels (oil, coal and 
natural gas) (Fig. 1). This ratio is forecasted to be reduced as a results of an increase in use and 
investment of renewable energy and the reduction of fossil fuels production. The International 
Energy Agency (IEA) estimates that total subsidy on renewables from governments will 
increase from 100 billion USD in 2012 to 210 billion USD in 2035. In other aspect, oil 
production will decline by 6% per year after 2035 when oil production reaches peak. 
Renewable energy sources, mainly solar photovoltaic will account for 45% of the increase in 
power generation by 2035 (IEA 2013). Apparently, with continuous improvements of 
technology, renewable energies are becoming more economically and technically viable. 
Between 2012 to 2035, renewables rises 6.4% a year of the total energy market, accounting for 
7.8 % of energy consumption by 2035 (BP 2014). Regarding biofuels, the US Energy 
Information Administration (EIA) forecasts that biofuel production will increase 1.3 million 
barrels per day in 2010 to 3 million barrels per day by 2040. Annually, biofuel production 
increases by 2.7% per year from 2010-2040 (EIA 2014).  
In other aspect, energy has been transiting, though slowly, from low energy quality to a 
higher energy quality and productivity where carbon intensity is an indicator. Energy use 
changes from a high carbon level to lower ones is thought of the willingness of the consumers 
toward cleanness and convenience of the fuels. It is noted that the carbon intensity of primary 
energy often higher than that of the final energy (Arnulf 2013). In the context of global 
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warming which is popularly perceived as a result of greenhouse gas emissions (GHGs), 
typically CO2, international community has been calling for and endorsing a low carbon 
economy. In fact, the main sources of CO2 emission are generated from burning fossil fuels for 
energy and transportation. Thus, to combat with global warming, cutting CO2 emission from 
these sources by a less dependence on fossil fuels is the most effective solution. To keep the 
increase of global temperature bellow 2oC by the end of this century, about 60%-80% of CO2 
emission against the 1990 level is needed to be reduced by 2050 (Ball and Wietschel 2009). To 
combat with climate change, together with technological breakthroughs, climate change 
mitigation, higher share of renewable energy and nuclear power is considered a possible 
solution.  
The Kyoto Protocol to the United Nations Framework Convention on Climate Change has 
set a fundamental framework to reduce GHGs emission globally. This Protocol is a very 
primary and important step to dealt with the global warming that requires endless efforts from 
different governments and different stakeholders (United Nations 1998). Follow that milestone, 
the “Doha Amendment to the Kyoto Protocol” was adopted in Doha, Qatar by 2012. To that 
37 industrialized countries and the European have committed to cut off their GHGs emission 
by 5% on average against the 1990s levels for the first period. This ambitious Amendment 
targets to reduce GHGs emission by at least 18% against the 1990s levels for the second period 
from 2013 to 2020. By October 2014, 18 countries have ratified the Doha Amendment  (United 
Nations 2014). Given the fact that the US, the most CO2 emitters, has not yet ratified the treaty, 
however, it has been expressing concern over the global challenge by proposing its own plan 
to reduce GHGs. In its 2014 Climate Action Plan, carbon emission from the power sector is 
planned to be cut off by 30% national wide below 2005 level. Moreover, the Plan also endorses 
cleaner and renewable energy sources such as solar power and renewables (EPA 2014; 
Whitehouse 2013). Given the negotiation over the post Kyoto Protocol to build a legal binding 
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framework for all parties in regard of reduction of GHGs emission is ongoing and it is likely 
far from getting consensus among the big emitters such as China and the US, cutting off GHGs 
emission is the global trend in the years to come.   
In summary, the existence and development of the mankind are persistently driven by 
energy throughout the history. Along with the human civilization, global energy use is 
continuously expanding in energy form and increased in quantity. Energy sources have been 
transiting from traditional fuels to fossil fuels and to nuclear power, wind power and 
renewables. In other words, the pattern of energy use changed from low energy content to the 
higher ones. The unavoidable route of energy supply and use is to change from nonrenewable 
to renewable energy sources due to a coming shortage of fossil fuels by the end of this century. 
To assure the sustainable development, more and more technological innovations, and political 
and social measures have been taken place to enhance energy productivity as well as minimize 
environmental pollutions worldwide. Although the shift to a completed clean energy use is far 
more achieved, the perspective of global energy is vividly towards cleaner and renewable 
energies in the near future.  
 
1.2 Hydrogen fuel 
With the current trend of energy consumption, fossil fuels, particularly oil is forecasted to 
be depleted in the next 70-100 years (Mulder et al. 2007), while the global thirst for energy will 
only increase. In recent years, natural gas emerges as an alternative for oil fuel, though, this 
resource is able to serve the global demand for a medium term (Marbán and Valdés-Solís 2007). 
For other important fuel, nuclear power is one of the most efficient energy, particularly for 
generating electricity due to its great advantages such as efficiency, stability, low cost and low 
GHGs emission. However, the incidents of nuclear power disasters such as Chernobyl in 
Ukraine in 1986 and recently the Fukushima in Japan have questioned the safety of this 
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powerful power to human and to the environment. In this circumstance, biofuels, typically 
hydrogen appears as an attractive fuel because it does not evolve greenhouse gases or other 
pollutants after combustion. Therefore, it is considered as clean fuel in combating the global 
warming. As an energy carrier, hydrogen has 2.8 and 4 fold higher energy content compared 
to gasoline and coal, respectively (Das and Veziroǧlu 2001; Mulder et al. 2007). High energy 
content together with an easy use of fuel cell, hydrogen is seen as a good alternative for gasoline, 
particularly in the transportation sector which accounts for 18% of primary energy 
consumption world-wide (Mulder et al. 2007). Additionally, transportation sector accounts for 
20% of the global energy growth and GHGs emission up to 2030 (Ball and Wietschel 2009). 
Therefore, hydrogen fuel is likely an obvious choice not only to supply energy but also to 
reduce GHGs emission. 
The concept of “hydrogen economy” was coined during the so called “energy crisis” in the 
1970s, which is defined as the transition of fossil fuels and natural gas to hydrogen fuel in the 
industry, transportation and  household  (Bockris 1977; Marbán and Valdés-Solís 2007). As 
time passed, efforts in research, development and demonstration (RD&D) of hydrogen fuels 
have been progressively grown aiming to increase the share of hydrogen fuel and to make 
hydrogen more technically and economically viable for a wide range of application. For 
example, the European Commission (EC) has promoted hydrogen economy by initiated the 
High Level Group for Hydrogen and Fuel Cells Technologies in 2002. This group is 
responsible for formulating a vision on the transition of fossil fuels to hydrogen fuel in the 
future (European Commission 2003). Following this bold step, the EC established the Fuel 
Cells and Hydrogen Joint Undertaking (FCH JU) in 2008, which is a public-private partnership 
between the EC, European industry and research institutions to support technical development 
and research activities in hydrogen energy technology and fuel cells in Europe. Japan, one of 
the leading countries in RD&D of hydrogen and fuel cells has developed its long term vision 
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on this energy source. Some projects could be mentioned as the biological hydrogen production 
by environmentally acceptable technology (from 1991-1998), conducted by the Research 
Institute of Innovative Technology for the Earth (RITE) (FAO 1997); And in recent time it is 
the Japan Hydrogen & Fuel Cell Demonstration Project conducted from 2002-2010 funded by 
the Ministry of Economy, Trade and Industry (METI). In the US, the Energy Policy Act of 
2005 states the requirement of the hydrogen development by 2020 and appoints the National 
Research Council (NRC) to establish a committee to carry out of the fuel cell technologies. In 
turn, by 2007 the NRC formed the Committee on Assessment of Resource Needs and Fuel Cell 
and Hydrogen Technologies that is responsible for studying and developing the use of 
hydrogen and hydrogen technologies in the future (National Research Council 2008). 
Generally speaking, hydrogen is taken into the energy policy of many industrialized countries 
worldwide.  At present, fuel cell used hydrogen is being testing in a wide range of products 
especially in automobiles. The NRC estimates that the practical number of hydrogen fuel cell 
vehicles (HFCVs) operating in the US would be approximately 2 million by 2020 and will 
grow rapidly to 30 million by the year of 2030. By 2050, HFCVs will account for over 80% of 
new vehicles in the US (National Research Council 2008).Currently, hydrogen utilization just 
accounts 3% of global energy consumption. However, it is believed that this ratio will 
significantly increase in the next years (Das and Veziroǧlu 2001).   
Globally, various scenarios on hydrogen production and use have been proposed aiming to 
draw out the future of hydrogen and fuel cells. Moriarty and Honnery (2009) predicts that the 
low energy scenario where 20% of energy production is generated from fossil fuel is most 
likely to happen by 2050 and later. About 80% of energy production comes from intermittent 
renewable resources such as photovoltaic, hydro and wind power, and due to their intermittent 
nature, these resources are needed to be converted to hydrogen. One of the optimistic scenario 
projects that hydrogen vehicle will shares 30%-70% of the global vehicle stock by 2050 with 
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the condition of high oil and gas price, and strict policies on mitigation of climate change (Ball 
and Wietschel 2009). Obviously, the transition of fossil fuels to hydrogen and fuel cells 
requires a long time and is dependent on multiple factors such as global energy demand, 
discovery of new oil and gas well, political climate and technological breakthroughs of 
hydrogen storage and fuel cells, and distribution systems. However, it is not overoptimistic to 
expect a higher share of hydrogen and fuel cells in energy market, particularly in the 
transportation sector in the next couple decades.  
 
1.3 Glycerol and its utilization as a feedstock for other chemicals 
 Glycerol is also called as glycerin or propanetriol that is odorless, colorless, vicious liquid 
and nontoxic compound. It is largely used in pharmaceutical, food and cosmetic industry. 
Nowadays, glycerol is mainly produced from four industries: fatty acids, soaps, fatty alcohol 
and biodiesel. By 2009, the total production of glycerol from these supply drivers was 21%, 
6%, 8%, and 64%, correspondingly. As a result of a sharp increase in biodiesel production, the 
production share of glycerol from this supply tremendously increased from 9% to 64% within 
10 years (1999-2009) (Gholami et al. 2014).  
 
 




 Glycerol is the main byproduct from biodiesel production, accounting for roughly 10% of 
the products (w/w). Apparently, the global production of crude glycerol is expected to continue 
to increase (Fig. 3). It is estimated that about 4 billion gallon of crude glycerol is produced each 
year (Anand and Saxena 2012; Gholami et al. 2014).  
 Over the past 10 years, the production of glycerol is nearly doubled, while the demand is 
no changed due to limited applications of glycerol, lead to a remarkable down price (Dobson 
et al. 2012; Yang et al. 2012). With the current trend of biodiesel production, it is believed that 
glycerol price will decline by 60% (Gholami et al. 2014). Therefore, to assure the development 
of the biodiesel industry and stability of glycerol market, crude glycerol as well as other 
byproducts from the biodiesel production should be utilized as a feedstock for other chemicals.  
 In fact, dozens of studies have been recently conducted with the goal of converting crude 
glycerol into other value added chemicals and biofuels. Among various methods, glycerol has 
been initially used for producing biofuels, particularly hydrogen via anaerobic fermentation 
process (Blankschien et al. 2010; Clomburg and Gonzalez 2011, 2013; Mazumdar et al. 2013; 
Murarka et al. 2008; Tokumoto and Tanaka 2012; Tran et al. 2014; Trinh and Srienc 2009). 
Due to its high reducing state, availability and low price, glycerol is an attractive feedstock for 
value added chemicals and biofuels in general and for hydrogen production in particular.   
 
1.4 Fermentative hydrogen production   
In reality, hydrogen can be produced through several ways: photo-electrochemical, thermo-
chemical and biological processes. In fact, biological hydrogen production have more 
advantages than the rests because this process requires lower infrastructure investment and 
simple technology applied with low energy consumption. Of course, this process is not a 
miracle way since biological hydrogen production often has lower efficiency than that of the 
10 
 
photo-electrochemical and thermo-chemical process (FAO 1997; Manish et al. 2007). However, 
it’s believed that a low efficiency of hydrogen production by using biological process can be 
compensated by its low energy consumption and low cost investment. 
At present, about 98% of global hydrogen production is derived from reforming fossil fuels 
(Marbán and Valdés-Solís 2007). Thus, some may debate that hydrogen is not totally clean 
because to produce hydrogen, the reformation of hydrocarbon sources (CH4 and coal) also 
releases considerable amount of CO2 and other GHGs. However, if hydrogen is produced via 
biological process which does not only evolve GHGs emission, the concept of hydrogen as a 
clean energy carrier would be satisfied. Therefore, the cleanness of hydrogen fuel itself depends 
upon the production method. In addition to a free GHGs emission, bio-hydrogen production is 
a promising approach because hydrogen can be easily and renewably produced from available 
and inexpensive biomass sources such as byproducts or wastes released from the agricultural 
and industrial practices.  
Bio-hydrogen can be produced via four main ways: (i) Bio-photolysis of water using algae 
and cyanobacteria; (ii) Photodecomposition of organic compounds by photo-synthetic bacteria; 
(iii) Fermentative hydrogen production from organic compounds; and (iv) Hybrid systems 
using photosynthetic and fermentative bacteria (Das and Veziroǧlu 2001). The first two 
processes are photosynthesis where hydrogen production is dependent on light, while the third 
is dark fermentation or anaerobic process, which is strictly light independent. Among that 
fermentative hydrogen production appears to be more efficient for industrial production 
compared to the other methods because it can utilize organic pollutants as input sources, 
requires less energy consumption, and requires simple technology (Das and Veziroǧlu 2001; 
Maeda et al. 2008a; Navarro et al. 2009; Ust’ak et al. 2007; Vardar-Schara et al. 2008).  
In fact, hydrogen yield of the fermentative hydrogen producing bacteria is still low and is 
not likely commercially competitive because the bacteria are evolutionally designed to grow 
11 
 
cell rather than to produce hydrogen. In order to make fermentative hydrogen production more 
practical, researchers have attempted to increase the hydrogen production by applying and 
testing various methods such as metabolic and protein engineering techniques, combination of 
dark fermentation and photo-fermentation or reactor based methods. Recently, bio-hydrogen 
production by both dark fermentative and photosynthesis organisms such as Enterobacter, 
Bacillus, Clostridium and green alga has been accelerated (Fabiano and Perego 2002; Hawkes 
et al. 2002; Kalia et al. 1994; Srirangan et al. 2011; Yokoi et al. 2002; Yokoi et al. 1998).  For 
example, the highest hydrogen yield (2.81 mol H2/ mol glucose) has been reported from C. 
beijerinckii L9 (Lin et al. 2007), however, this hydrogen yield is still  far lower than the 
maximum theoretical stoichiometric yield of 4 mol H2/ mol glucose of this strain.  
Currently, metabolic engineering is considered more favorable and promising in which the 
metabolic pathway of fermentative hydrogen producing bacteria could be redesigned or 
redirected towards hydrogen production by disrupting hydrogen uptake hydrogenase and by 
over expressing hydrogen-evolving hydrogenase which functions to catalyze carbon sources to 
hydrogen, and shutting down metabolic pathways that hinder the hydrogen production process  
(Maeda et al. 2007a, 2008b; Song et al. 2011; Vardar-Schara et al. 2008). Recently, 
fermentative hydrogen production has been improved significantly by applying metabolic 
engineering in hydrogen producing bacteria species in which various hydrogen producing 
bacteria such as Escherichia coli, Clostridium sp., Enterobacter sp., Bacillus sp., Enterobacter 
sp., and Rhodopseudomonas sp, etc have been engineered to be capable of producing a 
relatively high yield of hydrogen from available and low cost carbon sources such as glucose 
and format or even wastewater (Kim et al. 2009; Kim et al. 2011; Maeda et al. 2007a). For 
example, Maeda et al. (2008a) have succeeded in producing 141 fold higher hydrogen 
production from format compared to the wild-type strain in E. coli by manipulating the format 
hydrogenase system (FHL). The study is considered as a cornerstone since it has achieved the 
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theoretical yield for hydrogen production from format. Another significant hydrogen 
production has also found with Clostridium sp., where the highest hydrogen yield (1.61-2.36 
mol H2 per mol glucose) is achieved (Hawkes et al. 2002). However, it is far lower than the 
theoretical stoichiometric yield of 12 mol H2/ mol glucose.  
To enhance hydrogen production, it is crucial to understand the metabolic flux of hydrogen 
producing bacteria. Unfortunately, due to the complexity of metabolic flux, understanding 
about the structure and operation mechanism of hydrogenase system, and metabolic pathway 
of even some well-studied fermentative bacteria like Escherichia coli, Clostridium sp., remains 
relatively limited. In addition to the complexity of the metabolic flux of the hydrogen producing 
bacteria, depending on the culture condition like pH, pressure, substrate concentration each 
type of bacteria would have different metabolic pathway resulted in different hydrogen 
production and yield (Cai et al. 2011). Therefore, it is complicated to determine what factor(s) 
would highly influence on the hydrogen production process. Apparently, once the metabolic 
flux of the fermentative bacteria is explored corresponding to the different environmental 
conditions, it would be highly potential to find out what would be the applicable novel strain 
and suitable condition for enhanced hydrogen production yield.  
 
1.5 Reasons of using Escherichia coli as a facultative microorganism 
Among hydrogen producing microorganisms, Escherichia coli is a promising hydrogen 
producing bacterium for industrial applications because it is able to achieve a high yield of 
hydrogen, has a fast cell growth, and as a facultative microbe it does not require strict anaerobic 
conditions. Additionally, E. coli is the best characterized bacterium at molecular level (Baba et 
al. 2006). Hence, together with its well characterization and simplicity, genetic manipulations 
can be easily applied to direct its metabolic route toward the desired products.  
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However, understandings about the hydrogen metabolism in E. coli remain limited. 
Previous studies have shown that the hydrogen metabolism is dependent on the substrate and 
pH condition (Poladyan et al. 2013; Sanchez-Torres et al. 2013; Trchounian et al. 2012; 
Trchounian and Trchounian 2009). Literately, there are four [Ni-Fe] hydrogenases involving 
in hydrogen production in E. coli. Hydogenese 1 and 2 (Hyd-1 and Hyd-2) are hydrogen uptake 
enzymes under glucose metabolism (Menon et al. 1994a; Menon et al. 1991a). On the contrary, 
they are reversible enzymes under glycerol metabolism (Sanchez-Torres et al. 2013; 
Trchounian and Trchounian 2009). Hydrogenase 3 (Hyd-3) is encoded by hyc operon and is a 
part of the formate hydrogen lyase (FHL) complex, mainly functioning the conversion of H+ 
proton to H2 from glucose (R G Sawers et al. 1985; Sauter et al. 1992). But it is less responsible 
for hydrogen production from at low pH (Poladyan et al. 2013). Additionally, some genes are 
either beneficial or related to hydrogen production from glucose, might not necessarily have a 
similar effect or even may have the opposite effect when glycerol is used as the substrate. The 
differences between glucose metabolism and glycerol metabolism in relation to hydrogen 

















Glucose metabolism  Glycerol metabolism 
Oxidation/reduction 
state of carbon source 
(glucose/ glycerol) 
 Oxidation state   Reduction state 
Hydrogenase  Hydrogenase 1, 2 are H2 uptake 
enzymes (Menon et al. 1994b; 
Menon et al. 1991b) 
  Hydrogenase 1,2 are H2 uptake and 
intake enzymes (reversible role) 
(Sanchez-Torres et al. 2013; 
Trchounian et al. 2011; Trchounian 
and Trchounian 2009) 
 Hydrogenase 3 has a little role at 
low pH (pH 5.5) (Trchounian et al. 
2012) 
   Hydrogenase 3 plays a main role at 
low pH (pH 5.5) (Poladyan et al. 
2013) 
 Reversible mode at neutral and 
slightly alkaline pH (Trchounian 
and Trchounian 2009) 
Anaerobic growth 
rate  (1/h) 
 High rate (1.6 h -1) (Maeda et al. 
2007a) 
 Reach exponential growth after 7-8 
h (Poladyan et al. 2013) 
  Slow rate (0.05 h -1)  (Hu and Wood 
2010; Murarka et al. 2008) 
 Reach exponential growth after 12 
h (Poladyan et al. 2013) 
 Eh drops to negative value during 
the growth (Poladyan et al. 2013).  
  Eh increases to positive value 
during the growth (Poladyan et al. 
2013) 
Theoretical yield of 
hydrogen (mol H2/ 
mol substrate)  
 Maximum theoretical yield is 1 mol 
H2 produced/ 2 mol glycerol 
consumed.  
  Maximum theoretical yield is 1 mol 
H2 produced/ 1 mol glycerol 
consumed. 
H2 production   Early log phase (Poladyan et al. 
2013) 
 0.55 mV Eh/min/mg dry weight (2 
fold higher) at pH 7.5 (Trchounian 
and Trchounian 2009) 
  Middle log phase (Poladyan et al. 
2013) 
 0.22 mV Eh/min/mg dry weight at 















1.6 Waste activated sludge and biogas production 
The activated sludge process has been widely applying to treat domestic and industrial 
wastewater where microorganisms are used to degrade organic matters. Due to a rapid 
industrialization and urbanization, the numbers of WWTP substantially expand over years. 
However, the WWTP releases a huge amount of waste activated sludge (WAS) which is a 
burden to the environment and requires high cost for treatment. It is estimated that WAS 
accounts for roughly 50% of the operating cost of the WWTP (Appels et al. 2008; Vlyssides 
2004). Conventionally, WAS is treated by burning in the incinerator or dumping to the landfill. 
However, all of these methods are often costly or require large land assessment. Additionally, 
given its rich nutrient, WAS is not well acceptable to use as organic fertilizer in agriculture 
because it often contains heavy metals or other toxic compounds (Vlyssides 2004).  
Biological treatment, particularly anaerobic digestion has long been used to stabilize WAS 
and to produce usable biogases. This method has great advantages because it can improve the 
dewatering ability of sludge, produce high bio-solid quality for various applications, eliminate 
pathogens from sludge, convert organic compounds to biogases (Appels et al. 2008; Bolzonella 
et al. 2005; Maamri and Amrani 2014). In other words, anaerobic digestion is an economical 
and essential technique for the WWTP. 
On the other hand, WAS can used as either substrate or microbial source to produce biogas, 
typically methane and hydrogen (Kim et al. 2012; Mohd Yasin et al. 2013; Nguyen et al. 2014; 
Yusoff et al. 2013). More and more studies have shown that WAS is potential for producing 
high production of valuable biogas (Maamri and Amrani 2014). For instance, Mohd Yasin et 
al. (2013) have succeeded to enhance 200 fold higher of hydrogen productivity and to achieved 
a high yield of hydrogen (1.5 mol H2/ mol glucose) from an engineered E. coli strain by using 
WAS as a biomass substrate under the anaerobic digestion. Besides, by using WAS as 
inoculums, hydrogen production from a co-digestion of rice straw and sewage sludge was 
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improved about 33% compared to the heated sludge alone (Kim et al. 2012). Supplementation 
of 1% (v/v) crude glycerol in anaerobic digestion of municipal waste sludge was reported to 
have positive effects on hydrogen and methane production (Fountoulakis and Manios 2009; 
Fountoulakis et al. 2010).  In overall, a combination of WAS with other waste, which usually 
contains high carbon content, a high rate of WAS reduction and biogas production are possibly 
achieved. 
  
1.7 Research framework and objectives 
1.7.1 Research framework 
This study has two approaches: (i) Enhancement of hydrogen production by applying 
metabolic engineering in E. coli and; (ii) Bioenergy and waste reduction by anaerobic digestion 








Scheme 1. Research framework on the biofuel production from glycerol  
 
1.7.2 Objectives  
1) To apply metabolic engineering approach to produce hydrogen by E. coli from glycerol.  
1.1 To create a novel strain that is able to produce high yield and production of 
hydrogen by directing the metabolic pathway of E. coli toward hydrogen production. 













1.2 To identify beneficial knockouts for hydrogen production by random transposon 
mutagenesis.  
2) To reduce waste activated sludge and to produce biogases (methane and hydrogen) 























METABOLIC ENGINEERING OF ESCHERICHIA COLI TO 
ENHANCE HYDROGEN PRODUCTION FROM GLYCEROL 
 
2.1 Abstract 
 This research aims to enhance hydrogen production by Escherichia coli from glycerol by 
manipulating its metabolic pathways via targeted deletions. Since our past strain, which had 
been engineered for producing hydrogen from glucose, was not suitable for producing 
hydrogen from glycerol, we rescreened 14 genes related to hydrogen production and glycerol 
metabolism. We found that 10 single knockouts are beneficial for enhanced hydrogen 
production from glycerol, namely, frdC (encoding for furmarate reductase), ldhA (lactate 
dehydrogenase), fdnG (formate dehydrogenase), ppc (phosphoenolpyruvate carboxylase), 
narG (nitrate reductase), focA (formate transporter), hyaB (the large subunit of hydrogenase 1), 
aceE (pyruvate dehydrogenase), mgsA (methylglyoxal synthase), and hycA (a regulator of the 
transcriptional regulator FhlA). On that basis, we created multiple knockout strains via 
successive P1 transductions. Simultaneous knockouts of frdC, ldhA, fdnG, ppc, narG, 
mgsA,and hycA created the best strain that produced 5-fold higher hydrogen and had a 5-fold 
higher hydrogen yield than the parent strain. The engineered strain also reached the theoretical 
maximum yield of 1mol H2/ mol glycerol after 48 h. Under low partial pressure fermentation, 
the strain grew over 2-fold faster, indicating faster utilization of glycerol and production of 
hydrogen. By combining metabolic engineering and low partial pressure fermentation, 




2.2 Brief introduction  
  Recently, the fermentation flux in E. coli has been improved for hydrogen production, 
typically from glucose metabolism (Bagramyan et al. 2002; Blattner 1997; Maeda et al. 2007b), 
with the goal of producing formate, which is converted to CO2 and H2. Inactivation of hycA, a 
negative regulator of the FHL define complex, together with the overexpression of the FHL 
complex (encoded by fhlA) results in a significant increase in hydrogen production (Kim et al. 
2009; Wang et al. 2012; Yoshida et al. 2005). So far, the role of hydrogenase 3 (Hyd-3) is clear 
since a defect in hycE, which encodes the large subunit of Hyd-3, significantly impairs the 
hydrogen yield (Sanchez-Torres et al. 2013). Furthermore, the FHL complex is essential 
because its inactivation is detrimental to hydrogen production (Dharmadi et al. 2006). E. coli 
converts pyruvate into CO2, lactate and acetate by pyruvate dehydrogenase (encoded by aceE), 
D-lactate dehydrogenase (encoded by ldhA) and pyruvate oxidase (encoded by poxB), 
respectively (Bunch et al. 1997; Chang and Cronan 1983; Jiang et al. 2001). Regarding the 
respiratory pathway, two formate dehydrogenases, formate dehydrogenase N (encoded by 
fdnG) and formate dehydrogenase-O (encoded by fdoG), play a pivotal role in formate 
oxidation to nitrate reduction (Abaibou et al. 1995; Jormakka et al. 2002; Rossmann et al. 1991; 
Sawers et al. 1991). The cell exports formate by the activation of the formate transporter 
(encoded by focA) to prevent acidification when the pH in the cytoplasm drops (Suppmann and 
Sawers 1994). Consequently, the concentration of formate, which is a precursor of hydrogen 
production, is reduced. Hence, in addition to the FHL complex, redirection of both metabolic 
and respiratory pathways should enhance hydrogen production.  
 To date, the production of hydrogen in E. coli from glucose has been achieved by applying 
metabolic engineering (Maeda et al. 2007a, 2008a). From glycerol, inactivation of fumarate 
reductase (∆frdA) increases the production of hydrogen and ethanol (Shams Yazdani and 
Gonzalez 2008). Hydrogen production could be also increased by improving the conversion of 
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glycerol. In principle, glycerol is converted to dihydroxylacetone (DHA), which is the first 
intermediate product in the glycolytic pathway by glycerol dehydrogenase (encoded by gldA) 
(Truniger and Boos 1994). Apparently, glycerol dehydrogenase is one of the most important 
enzymes in the glycerol metabolism since either its overexpression or inactivation highly 
affects hydrogen production in E. coli (Hu and Wood 2010; Sanchez-Torres et al. 2013; Shams 
Yazdani and Gonzalez 2008). Hence, blocking key pathways and overexpression of the 
glycerol dehydrogenase should improve the hydrogen yield from glycerol. In addition, CO2 has 
a positive role in glycerol conversion, while H2 partial pressure negatively affects hydrogen 
production and cell growth (Dharmadi et al. 2006; Gonzalez et al. 2008). Therefore, a low 
partial pressure fermentation is often applied to enhance hydrogen production (Dharmadi et al. 
2006; Kim et al. 2006; Maeda et al. 2008a; Mizuno et al. 2000).  
 Although many of the metabolic pathways in E. coli are well studied (Blattner 1997), there 
remain some gaps in our knowledge base when glycerol is used as a substrate. Recently, some 
studies have shown that those genes, which are either beneficial or related to hydrogen 
production from glucose, might not necessarily have a similar effect or even may have the 
opposite effect when glycerol is used as the substrate. For example, in E. coli, Hyd-1 and Hyd-
2 are hydrogen uptake enzymes during glucose metabolism (Menon et al. 1994b; Menon et al. 
1991b) whereas they are reversible enzymes in the presence of glycerol (Sanchez-Torres et al. 
2013; Trchounian and Trchounian 2009).  
 In addition, anaerobic growth in the presence of glycerol is quite lower than that of glucose 
(Hu and Wood 2010). Our previous engineered strain, BW25113 hyaB hybC hycA fdoG frdC 
ldhA aceE increased hydrogen production by 4.6 fold from glucose and increased hydrogen 
yield by two-fold from 0.65 to 1.3 mol H2/ mol glucose, while the maximum yield in glucose 
metabolism is 2 mol H2/ mol glucose (Maeda et al. 2007a). However, it could not produce a 
relatively high amount of hydrogen from glycerol due to the difference in metabolism of 
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glucose and glycerol.  Here, we aim to create better metabolic flux for enhancing hydrogen 
production from glycerol (Fig. 4).  
 
 
Figure 4. The metabolic and respiratory pathway in Escherichia coli (Altaras and Cameron 
1999; Chao et al. 1993; Cooper 1984; Dharmadi et al. 2006; Gonzalez et al. 2008; Murarka et 
al. 2008; Rossmann et al. 1991; Saikusa et al. 1987; Truniger and Boos 1994). Genetic 
manipulations are illustrated by cross symbols. The engineered strain is inactivated in fumarate 
reductase (encoded by frdC), D-lactate dehydrogenase (encoded by ldhA), formate 
dehydrogenase N, α subunit (encoded by fdnG), phosphoenolpyruvate carboxylase (encoded 
by ppc), nitrate reductase A, α subunit (encoded by narG), methylglyoxal synthase (encoded 
by mgsA) and regulator of the transcriptional regulator FhlA (encoded by hycA). Dashed lines 
and bold words illustrate multiple metabolic steps and the main products. Abbreviations: DHA 
(dihydroxylacetone) PEP (phopshoenolpyruvate); FHL (formate hydrogen-lyase); gldA 




2.3 Materials and methods 
2.3.1 Strains, P1 transduction, plasmids, and primers 
The parent strain-BW25113 was obtained from Yale Coli Genetic Stock Center (the USA), 
while single KEIO and ASKA strains were provided from the KEIO library (National Institute 
of Genetics, Japan). P1 transduction (Cherepanov and Wackernagel 1995) was used to create 
the multiple deletion strains (Table 1). Prior to the P1 transduction, the kanamycin resistance 
gene of the recipient strain was removed by helper plasmid-pCP20, which is able to facilitate 
homologous DNA recombination with the flanking repeated site (FRT) located at either end of 
the resistant gene. The helper plasmid containing chloramphenicol (CmR) antibiotic marker 
was then cured by growing at 43oC due to its sensitivity to the temperature (Cherepanov and 
Wackernagel 1995; Datsenko and Wanner 2000). After each round of P1 transduction, the 
knockout strain with newly disrupted gene was verified by PCR using a set of specific primers 
(Table 2). 
Four plasmids were used in this study including pCA24N as the empty vector; pCA24N-
FdhF, expressing the subunit of formate dehydrogenase; pCA24N-FhlA, expressing the 
regulator of the FHL complex; and pCA24N-GldA, expressing E. coli glycerol dehydrogenase. 
These plasmids were originated from Kitagawa et al. (2005). A set of primers was designed for 








Table 2. Strains, plasmids, and primers used in this work. 
Strains, plasmids and primers Genotype/Description Sources 
Strains   
BW25113 F-∆ (araD-araB)567∆lacZ4787(::rrnB-3)λ-rph-1∆(rhaD-rhaB)568hsdR514. Yale Coli Genetic 
Stock center 
BW25113∆frdCkanR  Defective in fumarate reductase. Baba et al. (2006) 
BW25113∆ldhAkanR Defective in D-lactate dehydrogenase. Baba et al. (2006) 
BW25113∆fdnGkanR Defect in α-subunit of formate dehydrogenase-N. Baba et al. (2006) 
BW25113∆ppckanR Defective in phosphoenolpyruvate carboxylase.  Baba et al. (2006) 
BW25113∆focAkanR Defective in formate transporter. Baba et al. (2006) 
BW25113∆narGkanR Defective in α-subunit of nitrate reductase A. Baba et al. (2006) 
BW25113∆poxBkanR Defective in pyruvate oxidase. Baba et al. (2006) 
BW25113∆fdoGkanR Defective in α-subunit of formate dehydrogenase-O. Baba et al. (2006) 
BW25113∆hyaBkanR Defective in large subunit of hydrogenase 1. Baba et al. (2006) 
BW25113 adhEkanR Defective in pyruvate formate-lyase deactivase. Baba et al. (2006) 
BW25113∆aceEkanR Defective in subunit of E1p component of pyruvate dehydrogenase complex. Baba et al. (2006) 
BW25113∆hycAkanR Defective in a repressor of the FHL complex. Baba et al. (2006) 
BW25113 ∆hybCkanR Defective in large subunit of of hydrogenase 2 Baba et al. (2006) 
BW25113∆mgsAkanR Defective in methylglyoxal synthase. Baba et al. (2006) 
BW25113∆hyaB hybC hycA frdC ldhA fdoG aceEkanR Defective in large subunit of hydrogenase 1, large subunit of of hydrogenase 
2, a repressor of the FHL complex, fumarate reductase, D-lactate 
dehydrogenase, α-subunit of formate dehydrogenase-O, subunit of E1p 
component of pyruvate dehydrogenase complex. 
Maeda et al. (2007a) 
BW25113∆frdC kanR Defective in fumarate reductase. This study 
BW25113∆ldhA kanR Defective in D-lactate dehydrogenase. This study 
BW25113∆fdnG kanR Defect in α-subunit of formate dehydrogenase-N. This study 
BW25113∆ppc kanR Defective in phosphoenolpyruvate carboxylase. This study 
BW25113∆focA kanR Defective in formate transporter. This study 
BW25113∆narG kanR Defective in α-subunit of nitrate reductase A. This study 
BW25113∆hyaB kanR Defective in large subunit of hydrogenase 1. This study 
BW25113∆hycA kanR Defective in a repressor of the FHL complex. This study 
BW25113∆mgsA kanR Defective in methylglyoxal synthase. This study 
BW25113∆frdC ldhAkanR and  
BW25113∆frdC ldhA kanR 
Defective in fumarate reductase, D-lactate dehydrogenase. This study 
BW25113∆frdC ldhA fdnGkanRand   
BW25113∆frdC ldhA fdnG kanR 





BW25113∆frdC ldhA fdnG ppckanR and  
BW25113∆frdC ldhA fdnG ppc kanR 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase. 
This study 
BW25113∆frdC ldhA fdnG ppc narGkanR and  
BW25113∆frdC ldhA fdnG ppc narG kanR 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A 
This study 
BW25113∆frdC lhdA fdnG ppc narG mgsAkanR and 
BW25113∆frdC lhdA fdnG ppc narG mgsA kanR 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase. 
This study 
BW25113∆frdC lhdA fdnG ppc narG mgsA hycAkanR and 
BW25113∆frdC lhdA fdnG ppc narG mgsA hycA kanR 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of the FHL complex. 
This study 
BW25113∆frdC lhdA fdnG ppc narG mgsA hycA focAkanR and 
BW25113∆frdC lhdA fdnG ppc narG mgsA hycA focA kanR 
 Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of the FHL complex, 
formate transporter.  
This study 
BW25113∆ frdC lhdA fdnG ppc narG mgsA hycA aceEkanR  Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of FHL, subunit of E1p 
component of pyruvate dehydrogenase. 
This study 
BW25113∆ frdC lhdA fdnG ppc narG mgsA hycAkanR 
/pCA24N-FdhF 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of FHL, subunit of E1p 
component of pyruvate dehydrogenase complex; over-expression of formate 
dehydrogenase. 
This study 
BW25113∆ frdC lhdA fdnG ppc narG mgsA hycAkanR 
/pCA24N-FhlA 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of FHL, subunit of E1p 
component of pyruvate dehydrogenase complex; over-expression of formate 
hydrogen lyse system activator. 
This study 
BW25113∆ frdC lhdA fdnG ppc narG mgsA hycAkanR 
/pCA24N-GldA 
Defective in fumarate reductase, D-lactate dehydrogenase, α-subunit of 
formate dehydrogenase-N, phosphoenolpyruvate carboxylase, α-subunit of 
nitrate reductase A, methylglyoxal synthase, repressor of FHL, subunit of E1p 




Plasmids    
pCP20 ApR and CmR plasmid; thermal induction of FLP synthesis. Cherepanov and 
Wackernagel (1995) 




pCA24N-FdhF pCA24N pT5-lac::fdhF; CmR; expression of FdhF Kitagawa et al. 
(2005) 
pCA24N-FhlA pCA24N pT5-lac::fhlA; CmR; expression of FlhA;  Kitagawa et al. 
(2005) 
pCA24N-GldA pCA24N pT5-lac::gldA; CmR; expression of GldA;  Kitagawa et al. 
(2005) 
Primers    
K1  5’-CAGTCATAGCCGAATAGCCT-3’ Datsenko and 
Wanner (2000) 
K2 5’-CGGTGCCCTGAATGAACTGC-3’ Datsenko and 
Wanner (2000) 
frdC confirm-f 5’-GAAACCACGCTAAGGAGTGC-3’ This study 
frdC confirm-r  5’-ATGATGGCGCTCCACATACC-3’ This study 
ldhA confirm-f 5’-GGTTGCGCCTACACTAAG-3’ This study 
ldhA confirm-r 5’-GAGGATGAAAGGTCATTGGG-3’ This study 
fdnG confirm-f 5’-TTCCTCGCGCAGTAATACCC-3’ This study 
fdnG confirm-r 5’-AGCCGATACAGGTGGAAACG-3’ This study 
focA confirm-f  5’-CTGTTTTAGCGGAGGATGCG-3’ This study 
focA confirm-r  5’-GCGGTGTCAAAGTCAACTGG-3’ This study 
ppC confirm-f 5’-GCCGCAATAATGTCGGATGC-3’ This study 
ppC confirm-r 5’-GAAAACCCTCGCGCAAAAGC-3’ This study 
narG confirm-f  5’-ACGCTGTTTCAGAGCGTTAC-3’ This study 
narG confirm-r 5’-ATTTTACCCAGCAGCATGGC-3’ This study 
poxB confirm-f 5’-TCCGGTGAATATACGGTGAGC-3’ This study 
poxB confirm-r 5’-AAATGGCGGCTTCTTTACCG-3’ This study 
fdoG confirm-f 5’-GAGCCAATTCTGGACCTTTGC-3’ This study 
fdoG confirm-r 5’-GTTATTGCCGACGGTATCGC-3’ This study 
mgsA confirm-f 5’-CAGTGGGCGGAAAAACAACC-3’ This study 
mgsA confirm-r 5’-CGTCATCATCGTTGGCTTGC-3’ This study 
hycA confirm-f 5’-AGCTGGCATCTCTGTTAAACG-3’ This study 
hycA confirm-r 5’-GTCATTTTCGACACTCATCGAC-3’ This study 
aecE confirm-f 5’-ATCGCCATCTGGCCTTTATCG-3’ This study 
aecE confirm-r 5’-AGGCTTTGTCGCCTTCTACG-3’ This study 
kanR, CmR and ApR indicate kanamycin, chloramphenicol and ampicillin resistance, respectively.  
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2.3.2 Culture medium, growth condition and chemicals 
Luria-Bertani (LB) medium and LB agar plates containing appropriate antibiotics were 
used to grow the strains when conducting P1 transduction. Minimal glycerol medium  
supplemented with 10 g/ L of glycerol, 0.02 mg/ L  of NiCl2, 0.172 mg/ L  of Na2SeO3 (Murarka 
et al. 2008; Sanchez-Torres et al. 2013) and appropriate antibiotics was used as the medium for 
preparing the overnight culture and fermentation. Given that selenium is toxic to the cell, 
however, a small amount of selenium is essential for the synthesis of selenocysteine, which is 
one of the constituents of the FDH H (Sawers 1994; Sawers et al. 1991; Takahata et al. 2008). 
Furthermore, a low concentration of selenite (below 5 mM) has been reported not to negatively 
affect to the cell growth of E. coli (Bebien et al. 2002). The pH of the medium was adjusted by 
using 5 M NaOH to 7.5. All the experiments were conducted at 37oC at 120 rpm in a bio-shaker 
(BR-180LF, Taitec). Chemicals were obtained from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan), Dojindo Molecular Technologies, Inc. (Kumamoto, Japan) and Sigma Al-rich 
Co. Llc (Tokyo, Japan) and Nacalai Tesque, Inc (Kyoto, Japan).  
 
2.3.3 Growth rate and hydrogen assay  
For the growth rates, the strains were streaked from the -80oC glycerol stock on LB agar plates, 
and then incubated overnight at 37oC. After 12-18 h, a single colony was inoculated into a 250 
mL flask (Iwaki, Japan) containing 25 mL of minimal glycerol medium and the strains were 
grown aerobically. Cell turbidity was measured at 600 nm wavelength by using a UV/VIS 
spectrophotometer (JASCO V-530, Tokyo, Japan).  
For the hydrogen assay, sealed crimp top vials (34 mL or 68 mL) were used for screening 
hydrogen production of the single mutant strains and for examining the kinetic growth, glycerol 
utilization and hydrogen production of the highest hydrogen producing and the wild type strains. 
The pre-culture, closed vials, and fresh minimal glycerol medium were sparged with nitrogen 
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gas for 5 and 10 minutes to remove oxygen, correspondingly. Inside the anaerobic chamber, an 
appropriate volume of overnight culture was added into such vials containing sparged minimal 
glycerol medium with 0.1 mM isopropyl-β-d-1-thiogalactopyranoside (IPTG). The initial 
optical density at 600 nm (OD600) of the fermentative culture was adjusted within 0.05-0.06. 
Samples were then grown anaerobically at 37oC, 120 rpm. After each 24 h, 50 µL of gas from 
the headspace of fermentation vial was consecutively measured by gas chromatography 
(Agilent 6890 Series GC System) equipped with a thermal conductive detector (Maeda et al. 
2007c). The cell mass was calculated based on the value of OD600 with the amount of 0.22 mg 
protein/ OD/ mL (Fishman et al. 2005). Hydrogen production and productivity was calculated 
based on the method reported elsewhere (Maeda et al. 2007c).  
 
2.3.4 Hydrogen low partial pressure assay 
The pre-culture and closed vial assays were performed as above using a 68 mL-sealed crimp 
top vial. To reach a low partial pressure condition, the fermentative vials were connected to an 
inverted cylinder and the generated gases such as H2 and CO2 were released into the headspace 
of the vial prior to the inverted cylinder (Fig. 5) (Maeda et al. 2008a).  
 
 





The fermentation vials were slightly stirred and kept at 37oC. Hydrogen was measured after 
24 h when the fermentation likely reached the log phase. Generated hydrogen volume was 
calculated as the sum of headspace volume of the fermentative vial and the inverted cylinder, 
and the volume of connecting tube.  
 
2.3.5 Quantification of organic acids, cell, and glycerol consumed 
The fermentation culture was filtered by a 0.2 µm membrane (Sartorious, Germany) for 
organic acids and glycerol quantification. Organic acids were measured after 24, 48, 72, 96 and 
120 h of fermentation by high performance liquid chromatography (8 mm × 300mm, Shimazu 
Co., Tokyo, Japan) using Shim-Pack SCR-102H column and CDD-6A electric conductivity 
detector (Maeda et al. 2009). The mobile phase was set to be 5 mM p-toluenesulfonic acid 
monohydrate with flow rate of 0.8 mL/ min and the column was set at 40oC. The organic acids 
were quantified after 24 h of fermentation when the hydrogen low partial pressure was applied. 
The Free glycerol determination Kit (Sigma, St. Louis, MO, USA) was used to determine 
glycerol concentration. Ethanol and 1, 2 propanediol (1, 2- PDO) were quantified by GC 2025 
gas chromatograph equipped with a CBP20-M25-025 capillary column and a flame ionization 
detector (Shimadzu, Tokyo, Japan). The temperature of the column, oven and detector were set 
at 50oC, 250 oC and 250 oC, respectively (Sanchez-Torres et al. 2013). Product yields 
(hydrogen, cell, organic acids, 1, 2- PDO and ethanol) were calculated in mmole of product per 
mmole glycerol consumed. Cell yield was calculated based on the estimated molecular weight 
of 26.535 g provided by the formula of CH1.94O0.52N0.25P0.025 of E. coli dry mass (Villadsen et 




2.4 Results and Discussions 
2.4.1 Screening of hydrogen production of the single mutant strain 
In our previous study (Maeda et al. 2007a), we created the metabolically-engineered strain, 
BW25113 hyaB hybC hycA frdC ldhA fdoG aceE, which produces 4.6-fold more hydrogen than 
wild-type BW25113 in glucose metabolism. However, its hydrogen productivity increased 
only 1.8-fold over the parent strain during glycerol metabolism (Table 3). Furthermore, the 
growth rate of this strain decreased by 2.7-fold with glycerol. Therefore, we hypothesized that 
the enzymes of the related pathways may play different roles in glycerol metabolism. Hence, 
we investigated the pathways most suitable to delete to increase hydrogen production under 
glycerol metabolism. Next, beneficial genes were introduced to enhance hydrogen production. 
Based on the knowledge on the metabolic pathway of E. coli under both glucose and glycerol 
metabolism (Fig. 4), we investigated 14 single KEIO mutant strains individually (Table 3). 
Table 3 shows that except for BW25113 hybC, the growth rate of the other 13 single 
knockout strains deceased from 1.1-3.3 fold. Noticeably, introduction of multiple gene 
disruptions does not necessarily lower the growth rate of the mutant strains. In fact, the highest 
hydrogen producing mutant-septuple strain grows negligibly lower than strain BW25113 with 
the growth rate of 0.31 /h with glycerol. 
Similar to previous work, inactivation of fumarate reductase (∆frdC) led to a 1.6-fold 
increase in hydrogen production with glycerol (Shams Yazdani and Gonzalez 2008). 
Disruption of ldhA, fdnG, ppc, narG, focA, hyaB and hycA have been reported to have a positive 
effect on the production of either intermediates or end products such as succinate or hydrogen 
in glucose metabolism (Kabir et al. 2005; Maeda et al. 2007a; Redwood et al. 2008; Wang and 
Gunsalus 2003; Yoshida et al. 2005). Single disruption of these genes boosted hydrogen 




Table 3. Growth rate and hydrogen production of E. coli from minimal glycerol. 
Strain 
Growth rate a  
Hydrogen productivity b  
 
1/h Relative  µmol/mg 
protein Relative 
BW25113 0.35 ± 0.02 1  28.8 ± 0.3 1 
BW25113∆ hyaB hybC hycA frdC ldhA fdoG 
aceEkanR 
0.13 ± 0.01 0.38  53 ± 2 1.8 
BW25113∆ frdCkanR 0.22 ± 0.03 0.6  45 ± 5 1.6 
BW25113∆ ldhAkanR 0.23 ± 0.01 0.7  31 ± 4 1.1 
BW25113∆fdnGkanR 0.28 ± 0.01 0.8  37.7 ± 0.5 1.3 
BW25113∆focAkanR 0.31 ± 0.01 0.9  31 ± 4 1.1 
BW25113∆ppckanR 0.26 ± 0.01 0.7  41 ± 5 1.4 
BW25113∆narGkanR 0.27 ± 0.01 0.8  33 ± 4 1.1 
BW25113∆poxBkanR 0.3  0.8  16 ± 1 0.6 
BW25113∆fdoGkanR 0.27 ± 0.01 0.8  28 ± 3 0.96 
BW25113∆aceEkanR 0.21  0.6  62 ± 3 2.1 
BW25113∆hyaBkanR 0.32 ± 0.01 0.9  32.3 ± 0.2 1.1 
BW25113∆adhEkanR 0.27 ± 0.01 0.8  0 0 
BW25113∆mgsAkanR 0.31  0.9  36 ± 1 1.2 
BW25113 hycAkanR 0.31 ± 0.01 0.9  35 ± 13 1.2 
BW25113∆hybCkanR 0.42  1.2  0 0 
BW25113∆frdC ldhAkanR 0.27  0.8  31 ± 4 1.1 
BW25113∆frdC ldhA fdnGkanR 0.29 ± 0.01 0.8  34 ± 2 1.2 
BW25113∆frdC ldhA fdnG ppckanR 0.31 ± 0.01 0.9  91 ± 4 3.2 
BW25113∆frdC ldhA fdnG ppc focAkanR 0.29 ± 0.01 0.8  88 ± 6 3.1 
BW25113∆frdC ldhA fdnG ppc hyaBkanR 0.29 ± 0.01 0.8  39.5±0.7 1.4 
BW25113∆frdC ldhA fdnG ppc narGkanR 0.29 ± 0.01 0.8  109 ± 11 3.8 
BW25113∆frdC ldhA fdnG ppc narG mgsAkanR 0.28 ± 0.01 0.8  124 ± 5 4.3 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycAkanR 0.31 ± 0.01 0.9  158 ± 2 5.5 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycA 
focAkanR 
0.23 ± 0.01 0.66  83 ± 7 2.9 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycA 
aceEkanR 
0.12 ± 0.01 0.3  33 ± 1 1.1 
BW25113/pCA24N 0.37 ± 0.02 1  25 ± 1 0.9 
BW25113/pCA24N-FdhF 0.2 0.6  0 0 
BW25113/pCA24N-FhlA 0.28  0.6  13 ± 2 0.4 
BW25113/pCA24N-GldA 0.2  0.6  7 ± 2 0.3 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycAkanR 
/pCA24N 
0.33 ± 0.01 0.9  90 ± 4 3.1 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycAkanR 
/pCA24N-FdhF 
0.2  0.6  99 ± 7 3.4 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycAkanR 
/pCA24N-FhlA 
0.33 ± 0.01 1  89 ± 4 3.1 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycAkanR 
/pCA24N-GldA 
0.25 ± 0.02 0.7  90 ± 3 3.1 
a: Growth rate of all strains were measured aerobically in minimal glycerol pH 7.5 
b: Hydrogen fermentation was conducted anaerobically in minimal glycerol pH 7.5. Calculation of hydrogen 
productivity was mentioned in the Materials and Methods section.  









Consistent with the results that have been previously reported in glucose metabolism 
(Maeda et al. 2007a), single inactivation of pyruvate oxidase (encoded by poxB) was 
detrimental to the hydrogen production and reduced viability with glycerol. In contrast to that 
with glucose (Maeda et al. 2007a), inactivation of formate dehydrogenase O (encoded by fdoG) 
did not improve hydrogen production with glycerol. Additionally, blocking the synthesis 
pathway to alcohol by inactivating dehydrogenase (encoded by adhE) severely impaired 
hydrogen production and cell growth and this result is consistent with those reported previously 
with glycerol (Blankschien et al. 2010; Murarka et al. 2008). In agreement with previous 
studies with glycerol, inactivation of the large subunit of Hyd-2 (encoded by hybC) resulted in 
almost no hydrogen produced indicating that Hyd-2 plays the main role in hydrogen production 
from glycerol under alkaline pH (Sanchez-Torres et al. 2013; Trchounian et al. 2011; 
Trchounian and Trchounian 2009). In E. coli, 1, 2- PDO is the end product of glycerol 
metabolism, and it is synthesized by the conversion of dihydroxylacetone phosphate into 
methylglyoxal prior to other intermediates (Fig. 4). Therefore, in order to direct the metabolic 
flux toward hydrogen production, we blocked this sub-pathway by inactivating methylglyoxal 
synthase (encoded by mgsA). This disruption resulted in 1.2-fold increase of hydrogen 
productivity.  
From these screening results with single mutants, we conducted successive P1 
transductions by introducing multiple disruptions into the host strain. Surprisingly, there was 
little increase in hydrogen production for the double and the triple knockout strains namely, 
BW25113 frdC ldhA and BW25113 frdC ldhA fdnG. However, hydrogen productivity 
remarkably increased by 3.2-fold in the quadruple knockout strain BW25113 frdC ldhA fdnG 
ppc. Single inactivation of formate transporter (∆focA) and the large subunit of Hyd-1 (∆hyaB) 
somewhat increased hydrogen production, though, when disrupted in the quadruple mutant 
strain, they did not contribute to any improvement of hydrogen production (Table 3). Rather, 
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disruption of focA in the septuple mutant strain also decreased by 1.9-fold of hydrogen 
productivity, indicating that the formate transporter is necessary for increasing hydrogen 
production in the multiple mutant strain, and this finding agrees with those reported previously 
for the conversion of glucose into hydrogen (Maeda et al. 2007a). Successive transductions of 
narG and mgsA increased hydrogen production with glycerol by 3.8 and 4.3-fold, respectively. 
Since we were not able to remove the kanamycin maker gene for BW25113 aceE, disruption 
of aceE was made the final step. Hydrogen productivity significantly increased by 5.5-fold 
when the negative regulator of the hyc operon-hycA was inactivated. As mentioned above, 
hydrogen productivity of the strain BW25113 aceE increased by 2.1-fold. However, when this 
gene was disrupted in the septuple mutant strain, hydrogen productivity dramatically dropped 
due to its extremely slow growth rate. The possible reason for this decrease of both hydrogen 
production and cell growth is a deficiency in electron acceptors when the metabolic pathway 
of E. coli was highly engineered. The best strain was the septuple mutant, BW25113 frdC ldhA 
fdnG ppc narG mgsA hycA, which had a reasonable growth rate and 5.5-fold higher hydrogen 
productivity than that of its parent strain. 
Since the conversion of glycerol is highly mediated by glycerol dehydrogenase (encoded 
by gldA) and the conversion of formate into H2 and CO2 by the FHL complex (Fig. 4), there is 
a high possibility that overexpression of these enzymes would enhance hydrogen production. 
Nevertheless, like under glucose metabolism (Maeda et al. 2007a), hydrogen productivity for 
both the parent and the septuple mutant strain significantly decreased when fhlA was 
overexpressed (Table 3). Likewise, overexpression of the subunit of formate dehydrogenase 
(pCA24N-FhdF) also decreased hydrogen productivity by 1.6-fold compared to the septuple 
mutant strain. Decrease in hydrogen production might result from the selective pressure of the 
antibiotic added (30 µM chloramphenicol). As previously reported, overexpressing gldA, 
which converts glycerol into DHA, did not increase pyruvate production, thus consequently 
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enhanced formate and hydrogen production (Blankschien et al. 2010; Gonzalez et al. 2008; Hu 
and Wood 2010; Truniger and Boos 1994). In fact, overexpression of gldA in the parent strain 
and in the septuple mutant strain decreased by 3.9 and 1.8-fold of hydrogen productivity, 
respectively. 
 
2.4.2 Glycerol consumption, cell growth, product yield and productivity  
We also examined the kinetic cell growth, glycerol utilization as well as product yields of 
the septuple mutant strain, BW25113 frdC ldhA fdnG ppc narG mgsA hycA after 120 h. As 
reported previously, E. coli consumes glycerol at a very slow rate (Dharmadi et al. 2006; Shams 
Yazdani and Gonzalez 2008). Starting from a glycerol concentration of 10 g/ L, the parent 
strain and the septuple mutant strain consumed glycerol in a similar rate after the first 24 h of 
fermentation (Fig. 6). However, strain BW25113 utilized glycerol in a faster manner compared 
to the engineered strain after 48 h and later due to its faster cell growth. It steadily reached the 
late stage of the log phase after 96 h, while the septuple mutant strain slowly grew and reached 
the highest cell growth after 96 h before declining (Fig. 6). 
 
Figure 6. Glycerol utilization and kinetic growth of strain BW25113 and strain 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycA under anaerobic glycerol metabolism at pH 
7.5.  
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for the synthesis of succinate (∆frdC) and oxaloacetate (∆ppc) (Fig. 4), production  of  these 
organic acids, especially succinate of the septuple mutant strain, significantly decreased by 7.2-
fold compared to the wild-type strain, BW25113, after 120 h of fermentation (Fig. 7a). A slight 
decrease in acetate production of the mutant strain also indicated that inactivation of 
phosphoenolpyruvate carboxylase via disrupting ppc gene negligibly affected the synthesis of 
acetate and oxalate (Fig. 7c, d). This was no surprise since acetate may be synthesized from 
other the precursors such as formate and acetyl phosphate. Lactate was not detected in the 
fermentation broths of both BW25113 and the septuple mutant strain, indicating that D-lactate 
dehydrogenase (encoded by ldhA), played a minor role in the production of lactate at alkaline 
pH condition. This finding agrees with those previously reported (Sanchez-Torres et al. 2013).  
Our metabolic engineering should lead to a high level of accumulated formate.  However, 
Fig. 7b shows that formate production in the septuple mutant strain was much lower than that 
of strain BW25113. We speculate that accumulated formate in the septuple mutant was 
converted into CO2 and H2 at a higher rate compared to strain BW25113. Thus, there were 
lower concentrations of formate in the fermentation culture for the septuple strain.  
As indicated in Fig. 4, ethanol is one of the main products from glycerol metabolism in E. 
coli. In agreement with a previous study (Shams Yazdani and Gonzalez 2008), ethanol yield of 
the wild-type strain closed to the theoretical maximum after 48 h (0.92 mol ethanol/ mol 
glycerol). Meanwhile, the septuple mutant strain achieved 0.88 mol ethanol/ mol glycerol after 
120 h of fermentation (Table 4). It is no surprise since the wild-type strain anaerobically grew 
faster than the mutant strain did (Fig. 6), resulting a higher rate of glycerol conversion into 
other products. In other aspects, a disruption in methylglyoxal synthase (encoded by mgsA), 
which is required for the synthesis of methylglyoxal, significantly lower 1, 2- PDO production 
in the septuple mutant strain (Table 4). The existence of 1, 2- PDO in the septuple mutant is 















































Figure 7. Production of succinate (a), formate (b), acetate (c) and oxalate (d) for the BW25113 
strain and the septuple mutant strain BW25113∆frdC ldhA fdnG ppc narG mgsA hycA after 
120 h of anaerobic glycerol metabolism. Data represent the mean and standard deviation of 
three independent samples. 
 
As indicated in Fig. 4, ethanol is one of the main products from glycerol metabolism in E. 
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faster than the mutant strain did (Fig. 6), resulting a higher rate of glycerol conversion into 
other products. In other aspects, a disruption in methylglyoxal synthase (encoded by mgsA), 
which is required for the synthesis of methylglyoxal, significantly lower 1, 2- PDO production 
in the septuple mutant strain (Table 4). The existence of 1, 2- PDO in the septuple mutant is 
possibly derived from the conversion of dihydroxylacetone into methylglyoxal (Gonzalez et al. 
2008). 
Critically, after 24 h, the hydrogen yield of the septuple reached 0.67 mol/mol glycerol 
utilized which is 4.5-fold higher than that of the wild-type BW25113 (Table 4). The mutant 
strain reached the maximum theoretical yield of 1 mol H2 formed per 1 mol glycerol consumed 
after 48 h. To date, this is the highest H2 yield in E. coli from glycerol at pH 7.5 and equal to 
those conducted at a favorable acidic condition to co-produce H2 and ethanol (Shams Yazdani 
and Gonzalez 2008). In principle, the FHL complex is highly active at the acidic condition 
under both glucose and glycerol metabolism (Bagramyan et al. 2002; Dharmadi et al. 2006; 
Gonzalez et al. 2008). Meanwhile the conversion efficiency of glycerol depends on glycerol 
dehydrogenase and dihydroxylacetone kinase, which are mostly active at neutral to slightly 
alkaline pH (Dharmadi et al. 2006; Gonzalez et al. 2008; Truniger and Boos 1994). In addition, 
the intermediate products prior to hydrogen are mainly organic acids that lower intracellular 
pH during the fermentation. Consequently, acidic pH condition in the later step during the 
fermentation would help increasing hydrogen production. Therefore, we used glycerol medium 
starting at pH 7.5 to achieve both objectives: improvement of glycerol conversion in an early 
period of fermentation and increase in hydrogen production in the later stage under non-pH-
controlled fermentation.   
Due to the inactivation of those genes required for the synthesis of acetate (encoded by ppc) 
and succinate (encoded by frdC), disruption of these genes resulted in a lower product yield of 
acetate and succinate in the mutant strain. Nevertheless, these negligible reductions suggest 
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that the synthesis of acetate and succinate in E. coli under glycerol metabolism did not heavily 
rely on the activation of phosphophenol pyruvate and fumarate reductase. The productivity rate 
of either product formed or glycerol utilized of both parent and mutant strain achieved 
maximum level after 24 h.
38 
 
Table 4. Anaerobic fermentation parameters under normal condition. 
 Strain 
Time
a (h) Yield (mmol product/mmol glycerol)b 
 
Productivity rate (mmol product/g cell/h)c 










24 0.15 0.19 0.03 1.09±0.04 0.12 0.032±0.007 0.67±0.05  1.2 8.2±0.1 0.25±0.01 9.0±0.2 0.99±0.04 0.26±0.06 5.5±0.5 
48 0.72±0.04 0.14±0.01 0.03 0.53±0.05 0.05 0.013±0.002 0.92±0.05  3.9±0.1 5.5±0.3 0.18±0.01 2.9±0.1 0.26 0.067±0.015 4.6±0.7 
72 0.74±0.03 0.1 0.05 0.27±0.01 0.02 0.007±0.002 0.48±0.02  3.9±0.1 5.3±0.2 0.27 1.44±0.02 0.13 0.038±0.008 2.62±0.04 
96 0.76±0.02 0.08 0.06 0.19 0.02 0.005 0.46±0.02  3.7±0.2 4.8±0.2 0.28±0.01 0.94±0.02 0.10 0.026±0.001 2.21±0.02 







24 0.67±0.05 0.16 0.02 0.16 0.1 0.028±0.01 0.45±0.03  6.6±0.5 9.91±0.04 0.16 1.6 0.95±003 0.22±0.03 4.6±0.3 
48 1.05±0.02 0.17 0.02 0.25±0.01 0.07 0.013±0.001 0.66±0.08  4.8±0.1 4.61±0.01 0.09 1.15±0.04 0.32 0.06±0.01 3.3±0.5 
72 1.11±0.03 0.12 0.02 0.25±0.01 0.05 0.01±0.001 0.53±0.02  5 4.5± 0.1 0.08 1.14±0.02 0.21 0.045±0.004 2.37±0.07 
96 1.10±0.03 0.09 0.02 0.25±0.01 0.04 0.009±0.001 0.65±0.07  4.85±0.03 4.4± 0.1 0.07 1.1 0.16±0.01 0.04 2.85±0.32 
120 1.15±0.05 0.06 0.02 0.19 0.03 0.008 0.88±0.07  5.7±0.2 5.0±0.3 0.08 0.95±0.04 0.16 0.04 4.4±0.2 
Data represent the mean and standard deviation of three independent samples in each time course interval;  
a Anaerobic fermentation was conducted in 120 h; And fermentation parameters were measured after each 24 h. 
b Product yields were calculated in mmol product per mmol glycerol consumed. Calculation of hydrogen and cell yield were mentioned in the Materials and Methods section.  
c Productivity rate indicates either mmol product was formed or mmol of glycerol was consumed per gram of cell per hour during a given period of time. 
 
Table 5. Anaerobic fermentation parameters under low partial pressure condition. 
 Strain Yield (mmol product/mmol glycerol)a  Productivity rate (mmol product/g cell/h)b 
 H2 Cell Succinate Formate Acetate  H2 Glycerol Succinate Formate Acetate 
BW25113 0.19 0.13±0.01 0.02 0.66±0.03 0.11  2.2±0.2 12±1 0.24 7.8±0.4 1.3±0.1 
BW25113∆frdC ldhA fdnG ppc narG mgsA hycA 0.7±0.1 0.16±0.02 0.01 0.37±0.02 0.10  6.9±0.3 10±1 0.08 3.8±0.5 1.0±0.1 
Fermentation parameters were measured after 24 h of fermentation.  Data represent the mean and standard deviation of three independent samples; Product yield and 
productivity rate were calculated as mentioned above.  
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2.4.3 Hydrogen low partial pressure 
To further improve, hydrogen production, we conducted a low partial pressure fermentation. 
Unlike under the normal condition, E. coli grew and utilized glycerol in a remarkably faster 
manner. After 24 h, the BW25113 and the septuple mutant strain reached the middle log phase 
(OD600~ 0.6), which is about over two fold faster that that compared to those under the normal 
condition.  
Under a low partial pressure condition, hydrogen yield and productivity of the mutant strain 
slightly increased from 0.67 to 0.7 mol H2/mol glycerol and from 6.6 to 6.9 mmol H2/g cell/h, 
respectively (Table 5). Meanwhile, formate yield and productivity rate significantly increased 
over 2-fold. On the contrary, formate yield and productivity of strain BW25113 tended to 
decrease that could be understandable due to a higher growth rate achieved under low partial 
pressure condition.  
 
 
Figure 8. Organic acids production by BW25113 and BW25113∆frdC ldhA fdnG ppc narG 
mgsA hycA strains after 24 h of growth with glycerol under low partial pressure fermentation.   
 
Results from organic acids quantification show that production of all main organic acids 



























production of strain BW25113 and the septuple mutant strain increased by 1.9 and 5.4-fold. A 
little amount of lactate was detected in the fermentation culture of strain BW25113 (0.03 mmol 
lactate/mmol glycerol), while it was not in those of the septuple mutant strain. These results 
agree with that under anaerobic and at low pH condition, E. coli converts pyruvate into D-
lactate by D-lactate dehydrogenase (encoded by ldhA) (Bunch et al. 1997; Jiang et al. 2001). 
At the end of the fermentation, pH dropped to acidic condition (data not shown) that is a 
favorite environment for the expression of D-lactate dehydrogenase. Consequently, lactate was 
formed in the fermentation culture of the parent strain. This result indicates that disruption of 
ldhA would be more effectively for the hydrogen production at a low pH condition.  
 
2.5 Conclusions 
We had previously created a novel strain (BW24113 hyaB hybC hycA frdC ldhA fdoG aceE), 
which so far produced highest hydrogen production and yield from glucose (Maeda et al. 
2007a). Nevertheless, this engineered strain is not suitable for producing a relatively high 
amount of hydrogen with fast growth rate from glycerol (Table 3). Hence, different pathways 
(compared to glucose) must be optimized to produce hydrogen from glycerol. Therefore, based 
on current knowledge on the metabolic and respiratory pathway of E. coli we investigated 
various genes related to hydrogen production from glycerol to figure out what genes are 
beneficial.  
In total, we screened the hydrogen producing capacity of 14 single mutant strains under 
glycerol metabolism (Fig.4; Table 2, 3). We found that 10 genes, namely frdC, ldhA, fdnG, ppc, 
narG, focA, hyaB, mgsA, aceE and hycA were critical for hydrogen production in E. coli (Table 
2). In principle, the anaerobic respiratory pathways of formate oxidation to nitrate reduction 
are regulated by two enzymes formate dehydrogenase (FDH) and terminal nitrate reductase 
(NAR-A) (Abaibou et al. 1995; Sawers et al. 1991; Sawers 2005). Inactivation of formate 
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dehydrogenase N (encoded by fdnG) and terminal nitrate reductase (encoded by narG), 
consistent with those under glucose metabolism, hydrogen production of multiple mutant 
strains also increased (Maeda et al. 2008a). It is thought that formate dehydrogenase O 
(encoded by fdoG) shares a similar subunit structure and amino acid sequence to formate 
dedydrogenase N (FDH-N). Thus, it would has a similar role in converting formate into nitrate. 
However, inactivation of this enzyme did not improve hydrogen production when using 
glycerol as a substrate. Since the biochemical characterization of this enzyme is still limited, 
the possible reason for this may come from its location on the periplasmic side of the 
cytoplasmic membrane and its activation favors in aerobic condition (Abaibou et al. 1995; 
Jormakka et al. 2002). In fact, microbial production is inhibited by the accumulation of 
methyglyoxal - a toxic element synthesized by methylglyoxal synstase under anaerobic 
fermentation (Saikusa et al. 1987; Subedi et al. 2008; Zhu et al. 2001). Hence, we hypothesized 
that blocking this metabolic route might help increasing cell growth and producing more 
precursors for hydrogen production. Interestingly, the result showed that inactivation of 
methylglyoxal synthase (encoded by mgsA) enhanced about 1.2-fold hydrogen productivity. 
To date, this is the first report on this matter where blocking of the metabolic pathway to the 
synthesis of methylglycoxal could enhance hydrogen production in E. coli. 
From that foundation, we conducted successive transductions aiming to create a novel 
strain, which is able to produce high hydrogen production as well as to sustain the cell growth. 
In the final stage, except for focA, hyaB and aceE, which correspondingly encodes for formate 
transporter, large subunit of hydrogenase 1 and pyruvate dehydrogenase, multiple disruptions 
of the other genes contributed to a significant improvement of hydrogen productivity. The 
novel strain with defects in frdC, ldhA, fdnG, ppc, narG, mgsA and hycA produced 5.5- fold 
higher hydrogen productivity rate and 4.5-fold hydrogen yield than that of strain BW25113 
(Table 3, 4). Although disruption of focA, hyaB and aceE alone could enhance hydrogen 
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production, disruption these genes altogether with others beneficial genes in the multiple 
mutant strains detracted from hydrogen production and cell growth. Hence, single blocking 
some pathways may positively affect hydrogen production, but not necessarily to have the same 
effect in the multiple mutant strains. We speculate that under presence of a high level of 
accumulated formate resulted from the disruption of formate transporter in the septuple mutant 
strain led to uncoupling membrane potential, and thus it was toxic to the cell growth (Beyer et 
al. 2013; Kirkpatrick et al. 2001; Russell and Diez-Gonzalez 1997). Meanwhile, inactivation 
of aceE caused less cell viability due to insufficient electron acceptor resulted from redox 
imbalance state. In turn, both of these disruptions was lower hydrogen production in the 
septuple mutant strain. Under normal pressure condition, the strain BW25113 frdC ldhA fdnG 
ppc narG mgsA hycA could achieve the theoretical maximum yield after 48 h (1 mol 
hydrogen/1 mol glycerol), while the specific maximum yield of the parent strain was just 0.88 
mol hydrogen/mol glycerol after 120 h (Table 4). To our knowledge, the hydrogen yield of our 
engineered strain is superior to those reported previously where the co-overexpression of 
glycerol dehydrogenase and dihydroxyacetone kinase together with the disruption of fumarate 
reductase at alkaline pH condition and equivalent to those achieved at acidic condition (Shams 
Yazdani and Gonzalez 2008).  
Given that glycerol dehydrogenase (encoded by gldA) is responsible for the conversion of 
glycerol into glycolytic intermediates and highly actives at slightly alkaline pH, in agreement 
with previous studies our results shown that individual overexpression of this enzyme did not 
improve hydrogen production (Fig. 4; Table 3) (Gonzalez et al. 2008; Truniger and Boos 1994). 
However, by co-overexpressing glycerol dehydrogenase and dihydroxyacetone kinase 
(encoded by dhaKLM), Shams Yazdani and Gonzalez (2008) have created a strain that is 
remarkably improve glycerol utilization, thus enabling to produce higher hydrogen production. 
Therefore, together with such genetic disruptions, hydrogen yield and productivity of E. coli 
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can be enhanced via co-overexpression of these two primary enzymes. In other aspect, we 
overexpressed the FHL complex to enhance the conversion efficiency of formate into H2 and 
CO2 by transforming two different plasmids that constitute the FHL complex: pCA24N-FhlA 
and pCA24N- FdhF. Nevertheless, overexpression of these genes in both wild type and the 
septupe strain distracted from hydrogen production and this result is consistent with the 
previous report on glucose metabolism (Table 3) (Maeda et al. 2007a). Possibly, IPTG-an 
inducer of the FHL complex, and the antibiotic (chloramphenicol) inhibited the cell growth 
because of their toxicity and selective pressure, respectively.  
Aiming to enhance hydrogen production and yield in a shorter time course, we applied a 
low partial pressure assay for the glycerol metabolism. Despite of minor improvements in 
hydrogen yield and productivity rate, it is a step forward since both strains grew much faster 
than that under the closed hydrogen assay (Table 5). Therefore, a fast growth of the strain bears 
a potential application for the production at a large scale. Additionally, production of formate, 
a precursor of hydrogen sharply increased up to 5.4-fold (Table 5). To some extent, hydrogen 
productivity and yield were not totally formate production dependent. They also base on 
various factors such as the pH of the intracellular, extracellular and the diffusion of CO2 into 
or out of the cell (Kozliak et al. 1995; Merlin et al. 2003; Murarka et al. 2008).   
In addition to the metabolic engineering approach, pH is also a critical factor for improving 
hydrogen production in E. coli. In general, the activation of four hydrogenases is complicated 
and much relies much on external pH, F0F1-ATPase and carbon source (Bagramyan et al. 2002; 
Dharmadi et al. 2006). Hyd-3 highly actives under acidic condition, enabling to converse more 
efficiently H+ into H2 occurs (Bagramyan et al. 2002; Dharmadi et al. 2006; Murarka et al. 
2008; Trchounian et al. 2012). In contrast, Hyd-2 is most responsible for hydrogen production 
at neutral and slight alkaline pH (Trchounian and Trchounian 2009). Besides, glycerol 
dehydrogenase and dihydroxyacetone kinase that determine the efficiency of glycerol 
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conversion are highly active at alkaline pH (Gonzalez et al. 2008). Therefore, to accelerate 
hydrogen yield and productivity in E. coli from glycerol, together with genetically engineering 
manipulation and atmospheric condition, the external pH should be critically considered. 
Apparently, metabolic engineering in E. coli takes advantages over other hydrogen-producing 
microorganisms because it could reach the theoretical maximum yield, while sustains its 
reasonable growth. Further improvements in terms of glycerol utilization could suggest for the 
application at a large scale.  
In overall, we found that 10 genes namely frdC, ldhA, fdnG, ppc, narG, focA, hyaB, mgsA, 
aceE and hycA were beneficial for hydrogen production in E. coli. From that foundation, we 
conducted successive transductions aiming to create a novel strain. The novel strain with 
defects in frdC, ldhA, fdnG, ppc, narG, mgsA and hycA produced 5.5- fold higher hydrogen 
productivity rate and 4.5-fold hydrogen yield than that of strain BW25113. The engineered 














IDENTIFICATION OF BENEFICIAL KNOCKOUTS IN ESCHERICHIA 
COLI FOR HYDROGEN PRODUCTION FROM GLYCEROL 
 
3.1 Abstract 
In this study, we conducted random transposon mutagenesis to identify uncharacterized 
genes whose inactivation is beneficial for hydrogen production from glycerol. Through the 
screening, four mutant strains were found that are able to produce from 1.3 to 1.6 fold higher 
hydrogen productivity (μmol H2/ mg protein) than that of their parent strain (p < 0.05). These 
mutations were identified as aroM, gatZ, ycgR and yfgI. The hydrogen yield (mol H2/ mol 
glycerol consumed) of the aroM, gatZ, ycgR and yfgI strains was 1.7, 1.4, 2.4 and 2.1 fold 
higher than that of their parent strain, respectively. Moreover, a single disruption in these genes 
resulted in a faster cell growth and glycerol consumption under anaerobic conditions. In E. coli, 
aroM is predicted to be involved in the shikimate pathway; gatZ encodes tagatose-1,6-
bisphosphate aldolase 2 which converts dihydroxyacetone phosphate to 1,6-biphosphate; ycgR 
acts as a molecular brake limiting the swimming speed and ATP consumption. So far, the 
function of YfgI in general and in hydrogen production in particular remains unknown. 
 
3.2 Brief introduction  
Escherichia coli is a potential microorganism for hydrogen production at the industrial 
scale because it can sustain a high growth rate, requires simple technology and could achieve 
a high hydrogen yield and production (Maeda et al. 2007a, 2008a; Shams Yazdani and 
Gonzalez 2008; Tran et al. 2014). Although the genome of E. coli is well characterized, only 
54% is experimentally determined, while the rest is either uncharacterized or computationally 
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predicted (Riley et al. 2006). The metabolic flux of E. coli has been gradually elucidated and 
more new genes have been characterized (Blattner 1997; Gonzalez et al. 2008; Maeda et al. 
2007a; Sanchez-Torres et al. 2013). More recently, some pseudogenes which are regarded as 
non-functional DNA sequences and uncharacterized genes were determined to play a role in 
hydrogen production in E. coli (Mohd Yusoff et al. 2013; Mohd Yusoff et al. 2012). Hence, 
there is a remaining gap in the current knowledge of the unknown metabolic pathways or genes 
related to hydrogen production of E. coli under glycerol metabolism. In addition, anaerobic 
growth of E. coli in the presence of glycerol is quite low (Hu and Wood 2010; Tran et al. 2014) 
unlike that of glucose (Maeda et al. 2007a, 2008a).  
Transposon mutagenesis is considered as a powerful genetic tool to create random mutant 
strains. And this method has been intensively applied to characterize the function of unknown 
genes in various microorganisms (Ahmed 1985; Hamer et al. 2001; Liu et al. 2012; Nakata 
2002; Pannekoek et al. 1980). In fact, random transposon mutagenesis has been used in various 
hydrogen-producing microorganisms such as Pantoea agglomeran, Rhodobacter or 
Rhodovulum sulfidophilum to identify beneficial knockouts for hydrogen production, and this 
approach has gained momentum (Cai and Wang 2014; Liu et al. 2012; Ma et al. 2012a). Based 
on the aforementioned issues, this study aims to identify uncharacterized genes that are 
beneficial for hydrogen production in E. coli under glycerol metabolism by applying random 
transposon mutagenesis and screening.  
 
3.3 Materials and methods 
3.3.1 General research strategy  
The parent strain, E. coli BW25113 which was obtained from the Yale Coli Genetic Stock 
Center (New Heaven, the USA) was used as the host cell for transposon mutagenesis (Table 
6). After the introduction of transposon Tn5 into the host cell and several passages, screening 
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of high hydrogen producing strains was conducted. The candidate mutants that are likely to 
produce more hydrogen than their parent strain were isolated for DNA sequencing. A two 
round arbitrary PCR was performed to amplify the flanking sequence of the kanamycin 













Figure 9. Research strategy of random transposon mutagenesis using E. coli as the host  
 
The amplified DNA fragments were sequenced and aligned with the genome database of 
E. coli. A high score of alignment between the DNA sequence and the DNA library from 
National Center for Biology Information (NCBI) was selected for further confirmation. The 
candidate mutant strains were obtained from the KEIO library (Baba et al. 2006). The hydrogen 
productivity of these mutants was thoroughly verified. Only candidate mutants capable of 
producing significant higher hydrogen were considered for further experiments.  
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3.3.2 Random transposon mutagenesis  
 E. coli BW25113 was streaked from a -80oC stock vial on a LB plate and incubated for 
about 12-15 h. A single colony was inoculated in a test-tube containing 5 mL of LB medium 
without sodium chloride (10 g/L of tryptone and 5 g/L of yeast extract) and incubated overnight 
at 37oC, 120 rpm. About 100 µL of the overnight culture was added into a flask containing 100 
mL fresh LB medium (10 g/L of tryptone, 5 g/L NaCl and 5 g/L of yeast extract) and incubated 
at 37oC, 120 rpm until the cell growth reached the log phase or when the optical density at 600 
nm (OD 600) was at 0.6-0.8. The culture was kept on ice and cells were harvested by 
centrifugation at 7000 rpm for 10 min. Remaining salt from the cell pellets was washed off 
by10% glycerol solution. Transposon mutagenesis was performed as described previously with 
some slight modifications (Liu et al. 2012; Nakata 2002). A Tnp Transposome™ Kit EZ-TN5 
<KAN-2> Tnp TransposomeTm Kit (Epicentre, Madison, WI, USA) was used to introduce 
random transformation into the host cell. About 40 µL of competent cell, 1 µL of transposon 
and 1 µL of inhibitor provided with the kit were added into a 1.5 mL tube and the mixture was 
kept on ice. The transformation was performed by electroporation at the parameters 1.2 kV, 
200 Ω with a 0.1 cm electroporation gap cuvette. The electroporated cells were immediately 
transferred into 1 mL of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM 
KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) and incubated at 37oC for 1 h to 
facilitate cells outgrowth. The number of transformants was counted by spreading 100 µL of 
electroporated cells on a LB plate with kanamycin (final conc. 50 µg/ mL). The transformation 
efficiency was calculated as the number of colony forming unit (cfu) over the amount of 




3.3.3 Preliminary screening of hydrogen production 
The hydrogen assay was conducted anaerobically. A sealed crimp-top vial (68 mL) which 
was sparged with nitrogen gas for five minutes was used for the fermentation with the rationale 
being that the fastest growing cells on glycerol would be selected. About 100 µL of 
electroporated cells were added into five separated sealed crimp-top vials containing 20 mL of 
glycerol minimal medium (Murarka et al. 2008) supplemented with 50 µg/ mL of kanamycin 
and incubated at 37oC, 120 rpm for two days. The fermentation batches were successively 
cultured for five passages for mutant enrichment. In the final step, the fermentation broths were 
stocked and kept at -80oC for screening purpose.  
Single colonies were obtained by streaking the adapted culture stock onto LB plates 
containing kanamycin, and were incubated for overnight at 37oC. In fear of missing any 
beneficial mutants for hydrogen production, the Taro Yamane formula was applied to calculate 
the population sample or the numbers of single mutant strain needed for investigation with the 
level of significance of 0.1 (Yamane 1967). A single E. coli strain was randomly selected for 
screening hydrogen production (below).  
 
3.3.4 Identification of insertion site  
The candidate mutant strains were cultivated overnight in LB medium containing 
kanamycin (50 µg/ mL). Cell pellets were harvested and then the chromosomal DNA was 
extracted by UltraCleanTM Microbial DNA Isolation Kit (Mo Bio Laboratories, Inc., Carlsbad, 
CA, USA). A two-round arbitrary PCR with some modifications was consecutively conducted 
to amplify the transposon flanking site (Das et al. 2005; Knobloch et al. 2003; Ma et al. 2012b). 
The arbitrary, internal and external primers used are listed in Table 6. First round arbitrary PCR 
(PCR1) was conducted using the arbitrary primer 1 together with the internal primer under the 
following conditions: 94°C for 5 min; six cycles of 94°C for 30 sec, 30°C for 30 sec, for 72°C 
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1.5 min; 30 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C for 1.5 min; 72°C for 5 min. 
Samples were held at 4°C. The PCR1 product was purified by QIAquick PCR Purification Kit 
(Qiagen, Hilden, Germany). About 100 ng of purified PCR1 was used as the DNA template for 
the 2nd round PCR (PCR2), where the arbitrary primer 2 and the external primer were used with 
the following conditions: 95oC for 1 min; 30 cycles of 95oC for 30 sec, 65oC for 30 sec and 
72oC for 1.5 min; 72oC for 4 min.  
The PCR2 products were run on 0.8% agarose gel at 100 V for 25 min. A single band with 
a target size from 700-1200 base pairs was subjected for gel cutting. QIAquick Gel Extraction 
Kit (Qiagen, Hilden, Germany) was used for gel extraction. The extracted DNA fragment was 
then run on 0.8% agarose gel to assure only a single band attained prior to the DNA sequencing. 
A basic local alignment search tool (BLAST) from NCBI (http://www.ncbi.nlm.nih.gov/) 
(Wheeler and Bhagwat 2007) and Ecogene (http://www.ecogene.org) (Zhou and Rudd 2013) 
were mutually used for the alignment between the chromosomal DNA sequence of the 
amplified fragment and the genome database of E. coli strain, respectively. Only alignments 
with high score value (above 98% of similarity) were considered for the hydrogen confirmation 
and other analysis.  
 
3.3.5 Hydrogen assay, growth condition and confirmation  
Based on the nucleotide BLAST (blastn) results, the candidate strains were obtained from 
the KEIO library (National Institute of Genetic, Japan) as listed in the Table 6.  These KEIO 
strains were used to investigate their hydrogen production from glycerol. Minimal glycerol 
medium at pH 7.5 was used for both screening and confirmation of hydrogen production. 
Details of the hydrogen assay, growth condition and medium were previously reported (Tran 
et al. 2014). Due to the requirement of a large sample population for parametric data analysis, 
hydrogen production of each strain was conducted for 10 independent batches. A test of 
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analysis of variance (ANOVA) and Turkey post hoc with the significant level of 0.05 using a 
Statistical Package for the Social Sciences (SPSS) software (IBM, USA were used to determine 
whether there is any difference among strains in regard of hydrogen production.  
 
Table 6. Strains and primers used in this study  
Strains and primers Genotype/ description  Sources 
Strains   
BW25113 F-∆ (araD-araB)567∆lacZ4787(::rrnB-3)λ-rph-1∆(rhaD-
rhaB)568hsdR514. 
Yale Coli Genetic 
Stock Center  
BW25113∆aroMkanR Defective in shikimate kinase II Baba et al. (2006) 
BW25113∆garRkanR Defective in tartronate semialdehyde reductase Baba et al. (2006) 
BW25113∆gatYkanR Defective in tagatose-1,6-bisphosphate aldolase 2 Baba et al. (2006) 
BW25113∆gatZkanR Defective in tagatose-1,6-bisphosphate aldolase 2 Baba et al. (2006) 
BW25113∆pitAkanR Defective in tellurite importer; phosphate/ arsenate+ symporter  Baba et al. (2006) 
BW25113∆ycgRkanR Defective in flagellar velocity braking protein, c-di-GMP-
regulated.   
Baba et al. (2006) 
BW25113∆yfgIkanR Defective in nalidixic acid resistance protein Baba et al. (2006) 
BW25113∆yfhKkanR Defective in sensor protein kinase regulating glmY sRNA in two-
component system with response regulator GlrR 
Baba et al. (2006) 
BW25113∆yjhUkanR Defective in putative DNA-binding transcriptional regulator (Baba et al. 2006) 
   
Primers   
Arbitrary primer 1 5’-GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTAT-
3’ 
Ma et al. (2012b) 
Arbitrary primer 2 5’-GGCCAGGCCTGCAGATGATG-3’ Ma et al. (2012b) 
Internal primer 5’-CTGGCAGAGCATTACGCTGACTTGAC-3’ This study  
External primer  5’-ACCTACAACAAAGCTCTCATCAACC-3’   EZ-Tn5™ 
<KAN-2>Tnp 
Transposome™ 
Kit, Epicenter  
KanR indicates kanamycin resistance.  
 
3.3.6 Quantification of organic acids, glycerol and ethanol  
Prior to the quantifications, the fermentation broth was filtered by a 0.2 µm membrane 
(Sartorious, Germany) to remove cells. A high performance liquid chromatography (8 mm x 
300 mm, Shimadzu Co., Tokyo, Japan) using Shim-Pack SCR-102H column and a CDD-6A 
electric conductivity detector was used to quantify organic acids. 5 mM p-toluenesulfonic acid 
monohydrate with a flow rate of 0.8mL/ min was used as the mobile phase (Maeda et al. 2009; 
Tran et al. 2014). To determine the glycerol consumption and yield, glycerol was quantified 
after 24, 48, 72 and 96 h of fermentation by the Free Glycerol Reagent Kit (Sigma, St. Louis, 
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Missouri, USA). Ethanol was measured by GC 2025 gas chromatograph using CHP20-M25-
025 capillary column (Shimadzu, Tokyo, Japan) (Sanchez-Torres et al. 2013; Tran et al. 2014). 
Data were collected from and represented as the mean of at least three biological replicate 
samples in each experiment.   
 
3.4 Results and discussions 
3.4.1 Random mutagenesis, preliminary screening, DNA sequencing and BLAST analysis 
The transposon Tn5 was successfully introduced into the genome of the strain E. coli 
BW25113. After 16 h of incubation at 37oC, the numbers of cfu were roughly 3200 cfu/ mL. 
The transformation efficiency was 1.6 × 105 cfu/ µg. By applying the Taro Yamane formula 
with the significant level of 0.1, the population sample needed for the screening was 97. In 
other words 97 individual colonies were required for the screening of hydrogen production. In 
fact, over 100 different colonies were randomly selected for screening of hydrogen production 
from glycerol. In the preliminary screening of hydrogen production, this study found over 30 
single colonies that likely produced higher hydrogen than their parent strain. Besides, we also 
found some mutant strains whose hydrogen productions were significantly lower than that of 
strain BW25113 (data not shown). Such strains were subjected for identification of the 
insertion site via arbitrary PCR and DNA sequencing. After two rounds of arbitrary PCR and 
gel extraction, single amplified DNA fragments containing kanamycin flanking sequence were 
obtained and ready for the DNA sequencing. Empirically, DNA template samples were highly 
successfully sequenced when the size ranges from 700-1200 base pairs.  
Finally, excluding failed samples of DNA sequencing, low alignment score and similar 
insertion sites, this study found nine different insertions by which each of the 9 mutant strains 
produced 1.1-1.6 fold higher hydrogen production than the wild-type strain. These insertion 
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sites were individually determined as aroM, garR, gatY, gatZ, pitA, ycgR, yfgI, yfhK and yjhU 
(Table 7).  
 
3.4.2 Confirmation of hydrogen production, glycerol consumption and cell growth 
The nine candidate strains selected from the preliminary screening were attained from the 
KEIO library (Japan) and their hydrogen production ability was confirmed. Due to a small 
difference between the mutant strains and the wild-type strain in terms of hydrogen production, 
about 10 independent fermentation batches were conducted for each strain. Prior to the data 
analysis, to assure the consistency of the data, the outliners were removed. Additionally, the 
Kolmogorov-Smirnov Test was conducted which indicated that the data were normally 
distributed and ready for parametric data analyses (p>0.05).  
 
Table 7. Hydrogen production of E. coli strains under glycerol metabolism after 24 h of 
fermentation.  
a Hydrogen fermentation was conducted anaerobically in minimal glycerol pH 7.5. Calculation of hydrogen 
productivity and statistical analysis were mentioned in the “Materials and methods” section. The asterisk symbol 
indicates the statistical significance at the 0.05 level. 
b Data represent the mean and standard deviation of three independent cultures. Growth rate of all strains were 
measured aerobically and anaerobically under minimal glycerol medium pH 7.5, 37oC.  
 
Strains H2 productivity a  Growth rate (1/h) b 
 µmol H2/mg protein Relative  Aerobic Relative Anaerobic Relative 
BW25113 31 ± 6 1  0.32±0.01 1 0.018 1 
aroM 49 ± 8* 1.6  0.24 0.8 0.023 ± 0.001 1.3 
garR 38 ± 7 1.2  0.25 0.8 0.014 ± 0.001 1 
gatY 35 ± 6 1.1  0.28 0.9 0.015 ± 0.001 1 
gatZ 46 ± 7* 1.5  0.41 ± 0.01 1.3 0.024 ± 0.001 1.3 
pitA 37 ± 2 1.2  0.23 0.7 0.017 1.1 
ycgR 41 ± 8* 1.3  0.28 0.9 0.022 1.2 
yfgI 44 ± 9* 1.4  0.22 0.7 0.022 ± 0.001 1.2 
yfhK 40 ± 12 1.3  0.37 1.1 0.016 ± 0.001 1.1 
yjhU 36 ± 6 1.1  0.2 0.6 0.017 ± 0.001 1.1 
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A test of analysis of variance (ANOVA) and Turkey post hoc analysis were conducted to 
judge whether these differences were statistically significant or not. The statistical analysis 
showed that the hydrogen productivity of four out of the nine candidate strains, namely aroM, 
gatZ, ycgR and yfgI, were statistically significantly different from that of the wild-type strain 
(p<0.05) (Table 7). Although they had higher hydrogen production than the wild-type strain, 
strains garR, gatY, pitA, yfhK and yjhU were not statistically different from BW25113 (p >0.05). 
In other words, a single disruption in garR, gatY, pitA, yfhK and yjhU were not beneficial for 
hydrogen production in E. coli from glycerol.   
Among the mutant strains whose hydrogen productivity was significant different from their 
parent strain, aroM has the highest hydrogen productivity, 1.6 fold higher than that of the wild-
type strain. Interestingly, all mutant strains grew anaerobically from 1.2-1.3 fold faster than 
their parent strain (Table 7). Hence, the respective disruptions were not only beneficial for 
hydrogen production, but also for biomass synthesis, which is an advantage for overcoming 
low cell growth during glycerol metabolism (Gonzalez et al. 2008; Murarka et al. 2008; 
Poladyan et al. 2013).  
The kinetics of hydrogen production shows that strain aroM, gatZ, ycgR and yfgI gradually 
increased their production over time and almost reached the maximum level by 96 h of 
fermentation. While strain aroM has the highest hydrogen production during early log phase 





Figure 10. Kinetics of hydrogen production of strains BW25113, aroM, gatZ, ycgR and yfgI 
during 96 h of fermentation. Data represent the mean of three independent cultures; error bars 
represent standard deviation of the mean.  
 
Under anaerobic conditions, strain aroM, gatZ, ycgR and yfgI grew steadily and likely 
reached the log phase after 72 h. Unlike the parent strain, all the mutant strains reached the 
stationary phase after 72 h of fermentation. Additionally, four mutant strains with higher 
hydrogen productivity also consumed glycerol in a faster manner compared to the strain 
BW25113. After 96 h of fermentation, about 60% of glycerol were consumed (Fig. 11).  
 
 
Figure 11. The kinetics of glycerol consumption (straight line) and cell growth (dashed line). 









































































(asterisk). The data present the mean and standard deviation of at least three independent 
cultures.   
 
3.4.3 Hydrogen yield  
All strains whose hydrogen productivities were statistically significantly higher than those 
of the wild-type strain were analyzed for glycerol consumption. Hence, glycerol quantification 
was conducted for the four mutant strains: aroM, gatZ, ycgR and yfgI. Consistent with previous 
studies, the hydrogen yield of the wild-type strain was about 0.2 mol H2 produced per mol of 
glycerol consumed (Tran et al. 2014).  Among the four strains, the ycgR mutant had the highest 
hydrogen yield, 0.49 mol H2/ mol glycerol consumed (Table 8). Even though the hydrogen 
yield of all four mutant strains were far lower than the theoretical maximum of 1 mol H2 formed 
per 1 mol glycerol consumed, these results are a considerable improvement in E. coli under 
glycerol fermentation; however, these yields less than for the best engineered strain, 
BW25113∆ frdC ldhA fdnG ppc narG mgsA hycA which produces 0.67 mol H2/ mol glycerol 
after 24 h under the same condition (Tran et al. 2014).  
 
Table 8. Hydrogen yields after 24 h of anaerobic fermentationa. 
Strain 
Hydrogen yield  
(mmol H2/ mmol glycerol) 
Relative 
BW25113 0.20 ± 0.03 1 
aroM 0.34 ± 0.09 1.7 
gatZ 0.29 ± 0.06 1.4 
ycgR 0.5 ± 0.2 2.4 
yfgI 0.41 2.1 




3.4.4 Organic acids and ethanol production 
Together with hydrogen, ethanol, formate and acetate were the main products during the 
glycerol metabolism. In fact, formate is the precursor of hydrogen production in that it is 
converted into hydrogen and carbon dioxide by the formate hydrogen lyase complex system 
(FHL) and the formate dehydrogenase (encoded by fdhF) (Axley et al. 1990; Bagramyan et al. 
2002; Enoch and Lester 1975). Results from the organic acid measurements showed that a 
higher level of formate was detected in the fermentation broth of the mutant strains compared 
with that of the parent strain (Table 9, Fig. 12a).  The results suggest that all four mutant strains, 
aroM, gatZ, ycgR and yfgI, produced more formate than the wild-type strain during the 
fermentation.  
 
Table 9. Productivity of some end products after 24 h of fermentation a   
Strain Productivity (µmol product/mg protein) 
 Ethanol Formate 
 
Acetate 
BW25113 443 ± 26 165 ± 2 31.5 ± 0.5 
aroM 260 ± 67 195 ± 4 30.5 ± 0.7 
gatZ 252 ± 67 194 ± 6 31.9 ± 0.7 
ycgR 296 ± 62 201 ± 6 29.6 ± 0.5 
yfgI 168 ± 55 185 ± 5 25 ± 2 
a Data represent the mean and standard deviation of at least three replicate samples. 
 
A higher accumulation of formate together with a higher hydrogen production of the four 
mutant strains suggest that the deletions in aroM, gatZ, ycgR and yfgI lead to an increase in the 
conversion of glycerol to formate. Therefore, the mutant strains were able to produce more 
hydrogen than the wild type. Consistent with previous studies, formate accounted for the 
highest amount of detected organic acids. It is unknown why formate accumulation occurs in 
glycerol metabolism but not in glucose metabolism (Sanchez-Torres et al. 2013; Tran et al. 
2014; Zhang et al. 2010). Perhaps in glycerol metabolism formate is highly excreted from the 
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intracellular to the extracellular by the formate transporter (encoded by focA). In turn, a high 
level of formate was detected.  
Similar to previous studies, the wild-type strain produced more ethanol and somewhat 
slightly higher acetate than the mutant strains (Table 9; Fig 12b) (Tran et al. 2014). This result 
is understandable since the intermediate products in the mutant strains were directed toward 
hydrogen production, thus a reduced amount was converted into other end products such as 
ethanol and acetate.  
 
Figure 12. Production of organic acids (a) and ethanol (b) after 24 h of fermentation. Data 
represent the mean of three replicate samples; Error bars represent 1 standard deviation of the 
mean. 
 
3.5 Conclusions  
Generally, the metabolism of E. coli is rather complicated and the metabolites vary with 
each carbon source. Regarding hydrogen production, some knockouts are beneficial under 
glucose metabolism but they are not necessarily beneficial for glycerol or other carbon sources 
(Maeda et al. 2008a; Tran et al. 2014). With persistent effort, the metabolic pathway of E. coli 




coli has been improved by applying metabolic engineering and by optimizing the fermentation 
conditions  (Kim et al. 2006; Kim and Kim 2011; Kim et al. 2009; Maeda et al. 2007a; Shams 
Yazdani and Gonzalez 2008; Tran et al. 2014). For example, in our previous study we were 
able to create an engineered E. coli strain, BW25113 ∆frdC ldhA fdnG ppc narG mgsA hycA, 
which produced 5 fold higher hydrogen yield than the parent strain, and this strain could reach 
the theoretical maximum of 1 mol H2 formed per 1 mol of glycerol consumed after 48 h of 
fermentation (Tran et al. 2014). However, the hydrogen production of E. coli from glycerol is 
not yet industrially viable due to a slow cell growth and glycerol consumption. Therefore, 
additional effort to enhance hydrogen production in E. coli is necessary to overcome the 
emerging issues of over-produced glycerol and an increasing demand for renewable and clean 
energy.   
In other aspects, controlling the metabolism of E. coli remains a challenge since only half 
of the genome of this species has been empirically characterized (Riley et al. 2006). Thus, there 
is potential to find out unknown genes or metabolic routes that are beneficial for hydrogen 
production. In addition to the well-characterized genes that play a critical role in hydrogen 
production, the current research aimed at to find uncharacterized genes via random transposon 
mutagenesis. After screenings of over 100 random colonies, we identified four new critical 
genes, namely aroM, gatZ, ycgR and yfgI, whose deletion increases hydrogen production in E. 
coli under glycerol metabolism. A single disruption in these genes resulted in a significant 
improvement of hydrogen production, glycerol consumption and cell growth. These results 
suggest that metabolic engineering to create a strain with multiple knockouts should increases 
hydrogen production and increase cell growth.  
To our knowledge, aroM is co-transcribed with aroL which is required for the synthesis of 
shikimate kinase II. In general, the phosphoenol pyruvate is converted into shikimate that is a 
precursor of aromatic compounds (Ely and Pittard 1979; Herrmann 1995) (Fig.13). Thus, 
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blocking the shikimate pathway would result in an increase of phosphoenol pyruvate, and 
logically more intermediates are available for the synthesis of formate. A higher level of 
accumulated fomate detected in the fermentation broth of aroM mutant strain is evidence for 
this argument (Table 9, Fig. 12a).  However, so far the function of aroM in the metabolic 
pathway is not experimentally characterized (DeFeyter and Pittard 1986).  
 
 
Figure 13. The metabolic pathway of E. coli under glycerol metabolism (Altaras and Cameron 
1999; Bongaerts et al. 2001; Chao et al. 1993; Cooper 1984; Gonzalez et al. 2008; Herrmann 
1995; Hu and Wood 2010; Saikusa et al. 1987; Tran et al. 2014; Truniger and Boos 1994).  
Abbreviations: DHA (dihydroxylacetone), DHAP (dihydroxylacetone phosphate), G3P 
(glycerol- 3- phosphate), G3AP (glyceraldehyde-3-phosphate), PEP (phosphoenol pyruvate), 
T-1,6-diP (tagarose-1,6-diphosphate). 
 
gatYZ encodes for the tagatose-1,6-bisphosphate aldolase, which catalyzes D-
tagatofuranose 1,6-bisphosphate into dihydroxyacetone phosphate and D-glyceraldehyde 3-
phosphate (Brinkkötter et al. 2002; Nobelmann and Lengeler 1995, 1996; Reizer et al. 1996). 
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Blocking the pathway to the synthesis of tagatose-1,6-bisphosphate aldolase 2 (encoded by 
gatYZ) was shown to enhance hydrogen in E. coli (Hu and Wood 2010). However, in this study, 
a disruption in gatY did not make any significant difference in hydrogen production. In general, 
gatY requires gatZ for full activity and stability of adolases (Brinkkötter et al. 2002). Moreover, 
due to a considerable higher hydrogen production and growth rate, gatZ likely plays a bigger 
role than gatY does in the glycerol metabolism. 
YcgR controls flagella motility in enterobacteria (Ko and Park 2000). It is predicted that the 
interaction between the YcgR-c-di-GMP complex and the flagella motor results in an 
impairment to the motility. Therefore, inactivation of ycgR enhances motility in the hns-
deficient cell (Girgis et al. 2005; Ko and Park 2000; Ryjenkov et al. 2006). In other words, the 
c-di-GMP binding protein YcgR acts as a backstop brake in enterobacter (Armitage and Berry 
2010; Boehm et al. 2010; Paul et al. 2010). In this study, it is not clear why a disruption in ycgR 
led to an increase in hydrogen production. YfgI is an uncharacterized protein and the yfgI 
mutant is sensitive to the nalidixic acid, which is a DNA damaging agent (Skunca et al. 2013). 
Hence, our knowledge about the yfgI encoding protein and its role remains remains insufficient 
and it should be determined in future studies.  
Hydrogen production of E. coli can be further improved by various methods such as 
controlling the pH and atmospheric condition, and metabolic and protein engineering (Durnin 
et al. 2009; Kim et al. 2006; Maeda et al. 2008a, b; Sanchez-Torres et al. 2009; Tran et al. 2014; 
Trchounian et al. 2011). Undoubtedly, the findings of four new genes in this study could 








WASTE ACTIVATED SLUDGE REDUCTION AND BIO-FUELS 
PRODUCTION FROM WASTE GLYCEROL 
 
4.1 Abstract 
Waste activated sludge (WAS) and waste glycerol (WG) are released from the wastewater 
treatment plant (WWTP) and from biodiesel production, respectively. These wastes are 
obviously environmental burdens and require a high cost for treatment in conventional methods. 
By utilizing the advantages of a high alkalinity level and a rich carbon source of WG, and a 
diverse microbial community of WAS, this study aims to reduce excess waste sludge and to 
produce biofuels. To do so, the anaerobic digestion process was applied where various ratios 
(v/v) of WAS and WG were investigated. It is found that about 62% of sludge (w) was reduced 
after 8 h of anaerobic incubation at 37oC under the condition of 25% of sludge and 50% of WG 
at the final concentration. Co-digestion of WG and WAS was able to produce a high production 
of hydrogen and methane, particularly under the condition of 10% sludge (v/v) and 1% WG 
(v/v). Hydrogen and methane production were about 24 fold and 8 fold higher after 1 day and 
8 day of incubation when supplementing 1% of WG in 10% of sludge. The findings would be 
applicable for WAS treatment in the WWTP, especially for the biodiesel fuel production 
manufacture.  
 
4.2 Brief introduction  
As mentioned hereinbefore, anaerobic digestion of WAS is a practically and economically 
viable technique not only to reduce sludge but also to produce usable biogas. However, this 
process has some limitations such as slow reaction, sensitivity to shock load and complicated 
operation (Lin et al. 1997). To improve the reaction rate or the efficiency of the process, some 
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pretreatment methods such as thermochemical and chemical, which help to stabilize sludge and 
to enhance the digestibility of sludge. Like other thermochemical and chemical pretreatment 
method, alkaline solubilization is a pre-step and is widely applied to release cell-bound 
substrate, thus improving the rate-limiting hydrolysis of sludge. Positive effects of alkaline 
treatment to sludge reduction and biogas production have abundantly reported (Li et al. 2008; 
Lin et al. 1997; Vlyssides 2004). Fortunately, WG released from biodiesel production is often 
at a high pH level because of using alkaline catalysis in the transesterification (Suehara et al. 
2005). Therefore, this high pH level can be utilized for the alkaline treatment of sludge. 
Furthermore, WG is a rich carbon source, which is a viable substrate for the microorganisms 
to produce biogas. Hence, a co-digestion of WAS and WG is feasible method to reduce sludge 
quantity and to produce biogas.   
 
4.3 Materials and methods 
4.3.1 Sludge preparation 
 WAS was obtained from Hiagari WWTP, Kitakyushu, Japan and kept in the 4oC store for 
within one week prior to the experiment. WAS was centrifuged at 8000 g for 10 min at 4oC 
using a TOMY-GRX 250 High Speed Refrigerated Centrifuge, then the supernatant was 
discarded. The sludge pellet was re-suspended with distilled water and manually shook for 5 
min. The mixture was again centrifuged at 8000 g for 10 min at 4oC and this process was 
repeated for 3 times. After that, appropriate volume of distilled water was added to make 50% 
of sludge (w/v) (Maeda et al. 2009; Mohd Yasin et al. 2013; Nguyen et al. 2014). The 50% 




4.3.2 Anaerobic digestion assay and quantification of biofuels  
WG was obtained from Kyushu and Yamaguchi Oil & Fat Business Cooperative 
Association (Kitakyushu, Japan) and kept at 4oC. From the 50% sludge mixture, various WG 
ratios (in volume) and sludge (in volume) were prepared to make the final concentration of 
10% and 25% sludge as indicated in table 10.  Final volumes of WG were targeted to be 1%, 
5%, 10% and 50%. Sample without WG (0%) was used as the control.  
 
Table 10. Anaerobic digestions for 10 % and 25% sludge with different volumes of waste 
glycerol for biofuels production. 






Final WG conc. 
(%) 
Final WAS con. 
(%) 
20 0 80 0 10 
20 1 79 1 10 
20 5 75 5 10 
20 10 70 10 10 
20 50 30 50 10 
50 0 50 0 25 
50 1 49 1 25 
50 5 45 5 25 
50 10 40 10 25 
50 50 0 50 25 
 
The 50% sludge mixture and WG were sparged with N2 gas for 10 min to remove oxygen. 
Inside the anaerobic chamber box, a series of different volumes of WG and sludge were added 
into fermentative vials. The final WG concentrations were 0, 0.1, 1, 5, 10 and 50% (v/v) 
corresponding to final sludge volume of 10% and 25%, respectively (Table 10). The final 
volume of anaerobic digestion vial was 30 mL. After that, the vials were sealed by a rubber 
stopper and an aluminum cap, and sparged with N2 for 2 min to remove remaining oxygen. The 
vial samples were incubated at 37 and 55oC, 120 rpm for 14 days, respectively (Bio-shaker, 
BV-180LF, Taitec, Saitama, Japan).  
After each 24 h, 50 µL of gas from the headspace of the fermentative vial was extracted to 
measure methane and hydrogen by a gas chromatography (GC). Methane was measured by GC 
3200 (GL Sciences Inc. Japan); Hydrogen was measured by GC (Agilent 6890 Series GC 
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System, USA) equipped with a thermal conductive detector (Maeda et al. 2008a; Sanchez-
Torres et al. 2013; Tran et al. 2014). The pH was measured at the initial time and each 24 h by 
an AS ONE compact pH meter, AS-211 (Horiba Ltd, Kyoto, Japan). In the final digestion 
process, samples were filled by a 0.2 µm membrane (Sartorious, Germany) for organic acid, 
soluble carbohydrate, protein and glycerol quantification. Organic acids were measured by a 
high performance liquid chromatography (8 mm × 300mm, Shimazu Co., Tokyo, Japan) using 
Shim-Pack SCR-102H column and CDD-6A electric conductivity detector (Maeda et al. 2009; 
Sanchez-Torres et al. 2013; Tran et al. 2014). Soluble carbohydrate and protein were measured 
as described previously (Nguyen et al. 2014). Glycerol concentration of WG was measured by 
Free Glycerol Kit (Sigma Aldrich, St. Luis, MO, USA) (Tran et al. 2014). Three independent 
replicated samples were conducted for each experiment.  
 
4.3.3 Sludge reduction analysis  
Similar to the sample preparation for the anaerobic digestion, to investigate the effect of 
alkaline treatment on the sludge reduction, the final sludge volumes were targeted at 10% and 
25%, and the final volumes of WG were at 1%, 5%, 10% and 50%. However, due to a large 
sample is required, total volume of each sample was 150 mL (Table 11).  
 
Table 11.10 % and 25% of sludge with different volumes of waste glycerol for sludge reduction.  






Final WG conc.  
(%) 
Final WAS con.  
(%) 
30 0 120 0 10 
30 1.5 118.5 1 10 
30 7.5 112.5 5 10 
30 15 105 10 10 
30 75 45 50 10 
75 0 75 0 25 
75 1.5 73.5 1 25 
75 7.5 67.5 5 25 
75 15 60 10 25 




Sludge reduction was checked after 4 and 8 h of fermentation when alkaline effects sludge 
components by measuring total solid (TS) based on the Standard Method for Water and Waste 
Water (APHA et al. 2005). At the end of the digestion process, TS was also measured to 
calculate the reduction of sludge during the process. To measure the sludge reduction, 20 mL 
of sample was extracted by a syringe and added into a centrifuge tube. The sample was 
centrifuge at 4oC, 18000 g for 10 min to remove supernatant. Sludge pellet was poured into a 
porcelain dry dish and incubate in the oven at 105oC for 2 days interval (Nguyen et al. 2014). 
After 2 days, the samples were weighted. Sludge reduction (in percentage) was calculated as 
follows.  
Sludge reduction (%) = 
sludge weight (0 h) – sludge weight (4 h,   8 h,   14 days)
sludge weight (0 h)
 * 100 
 
4.4 Results and discussions  
4.4.1 Characteristics of waste glycerol 
Due to the common application of alkaline catalysis method in the transesterification 
process, which converts oil to fatty acids methyl esters, WG contains high amount of remaining 
alkaline resulting in a high pH level (Table 13). Besides, WG contains a considerable glycerol 
(645 g/L). Similar to other studies (Suehara et al. 2005), a negligible protein, carbohydrate and 
nitrogen amount were detected in WG.  
 
Table 12. Characteristics of waste glycerol. 
Parameter  Unit  
pH  10.5 
COD  g/L 1852 
SCOD g/L 1454 
Protein  g/L 0.785 
Total nitrogen  g/L 2.64 
Carbohydrate  g/L 2.2 




4.4.2 Sludge reduction  
Sludge reduction with 10% of sludge (w/v) in the final  
Fig. 14 shows that under the effect of alkaline treatment, WAS was significantly reduced 
and the sludge reduction rate is proportionally to the increase of WG volume. In other words, 
a higher ratio of WG was, a better rate of sludge reduction achieved. There was a slight 
difference between 5% and 10% of WG after 4 and 8 h of incubation. A drastic reduction was 
recognized when WG was at 50% (54% of reduction) after 4 h. There is no surprise when the 
sludge reduction rate tended to reduce after 8 h because bacteria started to grow under the 
availability of glycerol nutrient.  
 
 
Figure 14. Sludge reduction of 10% sludge mixture under anaerobic digestion at 37oC, 120 
rpm. 
 
Sludge reduction with 25% of sludge  
Like the 10% sludge, the sludge reduction rate was higher with an increase in WG. After 4 
h of incubation at 37oC, a similar reduction rate was obtained for the mixture of 25% sludge 
and 50% of WG (56% reduction) (Fig. 15). 
However, the reduction rate was significantly increased when prolonging the digestion with 
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sludge concentrations, 10% and 25% of sludge, the optimal condition for sludge reduction was 
obtained with the sludge and WG concentration of 25% of 50% after 8 h, respectively.  
 
 
Figure 15. Sludge reduction of 25% sludge mixture under anaerobic digestion at 37oC, 120 
rpm.  
 
4.4.4 Biofuels production  
Anaerobic digestion with 10% sludge  
Under anaerobic condition, occurrence of the hydrolysis process resulted in organic acids 
production. Consequently, pH of all samples dropped (Fig. 16).  
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Significant decreases of pH level were recognized in the cases of 0%, 1% and 5% WG, 
while there was almost no change of 50% WG samples. Clearly, pH change was inversely 
proportional to the WG amount. The ambient change of pH implies different hydrolysis and 
acidogenesis rate among the samples.  
Results from hydrogen quantification shows that, 1% and 5% of WG produced most, 
meanwhile 0% and 50% of WG did not produce any hydrogen (Fig.17). Interestingly, 1% WG 
produced earliest and highest hydrogen among WG concentrations. Hydrogen production of 
1% WG sample was peaked at 239 mol H2 produced after 24 h of incubation and gradually 
declined. This decrease of hydrogen production is possibly due to the conversion of H2 to 
acetate by the acetate oxidizing bacteria through the reversible acedogenesis (Demirel and 
Scherer 2008). In case of 5% WG, after 2 days of incubation at 37oC, 5% WG sample was 
likely to reach a stable condition and hydrogen production was about 203 fold higher than that 
of the control (203 mol H2 produced).  
 
 
Figure 17. Hydrogen and methane production from 10% sludge under anaerobic digestion at 
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Obviously, the hydrolysis and acidogenesis in 1% and 5% WG were the highest among 
samples, resulting in a higher hydrogen production detected. A high decrease of pH level in 
1% and 5% WG samples supports this argument. Hydrogen production from the 5% WG 
sample is contrary with those of the previous study, in which exceed the limitation of 1% (v/v) 
of glycerol concentration results a negative effect on biogas, including hydrogen, production 
(Fountoulakis et al. 2010). A high load of glycerol possibly inhibited the microbe community, 
thus no hydrogen was produced. Hence, by providing carbon source (glycerol) to WAS, 
substantial hydrogen can be produced at WG concentrations of 1% and 5%.  
To some extents, similar to aforementioned study, exceed of 1% of WG did not produced 
methane (Fig. 17). After 8 days of incubation, supplementation of 1% WG resulted in 8 fold 
higher methane production (550 mol CH4 produced) than that of the control sample. Hence, 
addition of 1% WG was the optimal condition for methane production from 10% sludge.  
 
Hydrogen and methane production from 25% sludge  
 The pH pattern in 25% sludge is similar to those of 10% sludge where supplementation of 
50% WG likely did not reduce pH level during the anaerobic digestion process (Fig.18).  
 
 


























 Except for 50% WG, whether supplementation of WG or not, a lower pH level was detected 
in all samples. Production of volatile fatty acids (VFAs) from the hydrolysis and organic acids 
during the acidogenesis are the main causes for a change of pH from alkaline to acidic condition.   
Like in the case of 10% sludge, 1% and 5% WG produced highest hydrogen compared to 
other samples. There was negligible difference in hydrogen production between these two 
concentrations.  Again, WG exceeding 5% had adversely impact on hydrogen production (Fig. 
19).  Surprisingly, no methane was detected in all supplemented WG samples, while without 
supplementation of WG methane was kept producing during the digestion.    
 
 
Figure 19. Hydrogen and methane production from 25% sludge under anaerobic digestion at 
37oC, 120 rpm. 
 
Theoretically, hydrogenotrophic methanogens use hydrogen as an electron acceptor to form 
methane. However, given the presence of high hydrogen in 1% and 5% WG samples, it was 
likely that no hydrogen was used for the formation of methane. It is arguable and unclear why 
at a higher sludge concentration no methane was produced when adding WG. Probably, a 
different environment (sludge concentration) affects the methanogen groups, and consequently 















































H2 (0% WG) H2 (1% WG) H2 (5% WG) H2 (10% WG)




Generally, anaerobic digestion for sludge treatment is one of the most economic methods 
as it requires less energy consumption and a low cost for investment. By utilizing a high level 
of pH presented in the WG, this study aims to use alkalinity as a pretreatment method to 
disintegrate the sludge component, resulting in a reduction of sludge (Siles Lopez et al. 2009). 
Investigation of several ratios of WAS and WG, it is found that higher quantity of WG is 
obviously better for WAS reduction. At 25% of sludge and 50% of WG concentration (v/v), a 
drastic reduction of WAS was obtained, in which 62% (w) of WAS was reduced after 8 h of 
incubation at 37oC. Hence, alkaline treatment in general is a practical method for sludge 
reduction in the WWTP. It is certainly more useful in the WWTP of the biodiesel fuels 
manufacturing process, which uses alkali catalysis for the transesterification. 
Additionally, the anaerobic co-digestion of WG and WAS was applicable for biogas 
production in case of 10% sludge and either 1% or 5% of WG. The 1% WG and 10% sludge 
was the optimal condition to for the methane and hydrogen production. While hydrogen 
production was quickly declined at 1% WG as a result of reversible reaction of acetate 
oxidizing bacteria, it was stable at the 5% of WG. No methane production was detected and in 
case of 25% sludge when adding WG implies that this co-digestion of WG and WAS at this 
mode is not suitable for biogas production, despite of some hydrogen was produced with the 









GENERAL CONCLUSIONS AND FUTURE PLAN 
 
5.1 Energy transition and hydrogen fuel perspective  
In overall, beside food and water, energy is one of the most fundamental need for human 
being. From the early time of human civilization, energy has been generated from traditional 
fuels, animate power and biomass for heating, cooking, transportation and farming activities.  
It could be said that the history of the mankind is tightly connected to the energy use. Along 
the development of human race, energy has been transiting in form, quantity and quality where 
technology innovation, population growth and economic development are considered as the 
main driving forces. At the present, the world is experiencing the third transition of energy, 
energy use toward clean and renewable due to the coming shortage of fossil fuels and their 
adverse impacts to the environment.  
Undoubtedly, global energy use continues to increase year by year due to population growth, 
economic development, expansion of urbanization and improvement of living standard 
worldwide. More energy is needed to serve the ever raising demand, especially in the emerging 
economies like China, India and Brazil. The scenario of global energy use is the upward trend 
in energy production and use. Global energy consumption is predicted to increase by 41% from 
2012 to 2035 (BP 2014). Also, due to the raising global consensus on reduction of GHGs 
emission, technological breakthroughs in renewable energies, customers’ preference of cleaner 
energy, highly polluted energy sources such as coal and gasoline are forecasted to be declined 
and the share of renewables is going to increase. Of course, the global transition of fossil fuels 
to renewables is a challenging route and has a long way to go, and it is driven by multiple 
factors.    
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Recently, hydrogen appears as an attractive and promising alternative fuel for fossil fuels 
because of its great advantages such as efficient energy, zero GHGs emission from combustion 
and convenient use in fuel cells. Furthermore, hydrogen can be easily produced from biological 
process which utilizes organic wastes. Nevertheless, use of hydrogen and fuel cells in a wide 
range still faces considerable barriers like the storage and distribution systems. With continuing 
technical innovations in fuel cells, the application of hydrogen fuel, particularly for mobile 
vehicles is ongoing to develop. Similar to other renewables, the development of hydrogen fuel 
and its market depends very much on incentive policies, technology innovations and politics 
climate. The perspective of hydrogen economy is promising at least in the transportation sector 
and especially in the industrialized countries like the US, European Union and Japan where 
RD&D activities on hydrogen and fuel cells have long time to develop. 
 
5.2 Metabolic engineering approach to enhance hydrogen production in E. 
coli from glycerol  
Using microorganisms to produce chemicals and biofuels from carbon sources has long 
been conducted in reality. In general, production of chemicals and biofuels via biological 
process has much advantages compared to the physiochemical process because it is often 
cheaper, requires simple technology and is able to utilize organic wastes.  
E. coli strain is potential for hydrogen production due to its fast growth and easily 
genetically manipulation. Thus, together with optimization of the fermentation condition, 
hydrogen production by E. coli can be enhanced by metabolic engineering. Dozen studies have 
shown an critical improvement of hydrogen by intervening the metabolic pathway where the 
route is intentionally designed towards hydrogen production (Kim and Kim 2011; Maeda et al. 
2007b; Shams Yazdani and Gonzalez 2008; Vardar-Schara et al. 2008). It is worth to note that 
hydrogen production in some cases can be substantial improved by metabolic engineering and 
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this implies an application at a large scale. For example,Maeda et al. (2007a) have succeeded 
to create an E. coli engineered strain which is able to produce a relatively high yield of 
hydrogen from glucose (1.3 mol H2/ mol glucose). Also by disrupting genes encoding fumarate 
reductase (encoded by frdC) and phosphotransacetylase (encoded by pta), the E. coli 
engineered strain SY03 was able to reach over 95% of the maximum theoretical yield of H2 (1 
mol H2/ mol glycerol) from glycerol under acidic condition (Shams Yazdani and Gonzalez 
2008).  
Due to the different nature of carbon source, the activation of some genes or the metabolic 
pathway of E. coli in some extents is not necessarily similar. In other words, there are some 
differences between the glucose and glycerol metabolism regarding hydrogen production in E. 
coli. For instance, hydrogenase 1 and 2 are hydrogen uptake enzymes under glucose 
metabolism (Menon et al. 1994b; Menon et al. 1991b), but they play a reversible role under 
glycerol metabolism(Sanchez-Torres et al. 2013; Trchounian and Trchounian 2009). Also, an 
E. coli engineered strain from previous study (Maeda et al. 2007a) produced a relatively high 
yield of hydrogen (1.3 mol H2/ mol gluose), but it produced much lower when glycerol was 
used instead. Hence, it is worth to conduct an investigation on hydrogen production under 
glycerol metabolism. And based on this results, metabolic engineering was applied to enhance 
hydrogen production. This study screened 14 genes in E. coli strain that are well studied 
previously and they are involved in hydrogen production under glucose metabolism. The 
results show that only 10 out of these were substantially involved in hydrogen production under 
glycerol metabolism. Then, P1 transduction method was applied to create a novel strain, whose 
genome was intentionally designed toward hydrogen production. After all, seven knockouts in 
fumarate reductase (frdC), lactate dehydrogenase (ldhA), formate dehydrogenase (fdnG), 
phosphoenolpyruvate carboxylase (ppc), nitrate reductase (narG), methylglyoxal synthase 
(mgsA) and regulator of the transcriptional regulator FhlA (hycA) were conducted in E. coli 
76 
 
strain BW25113. These disruptions resulted in a 5 and 5.5-fold increase in hydrogen yield and 
hydrogen productivity (µmol H2/ mg protein), respectively. More interestingly, the engineered 
strain was able to reach the maximum theoretical yield of 1 mol H2 / 1 mol glycerol after 48 h 
of anaerobic fermentation. It is a bold point in hydrogen production in E. coli from glycerol 
since E. coli often grows at a relatively slow rate, resulting in a low hydrogen production and 
yield. In fact, fermentation condition (substrate concentration, pH, presence of CO2 and H2) 
also influences hydrogen production. Therefore, hydrogen production of E. coli is possibly 
further enhanced by applying metabolic engineering and optimizing the fermentation condition.   
 In other aspect, given its well characterization, understanding about E. coli remains limited 
since only a half of E. coli’s genome is experimentally characterized. Thus, there is a high 
possibility to find unknown genes that are involved in hydrogen production under glycerol 
metabolism. Hence, random transposon mutagenesis was applied to create single mutant strain. 
Throughout screening of beneficial knockouts accompanied with the DNA sequencing were 
conducted to identify the insertion site. In overall, hydrogen production of over 100 random 
mutant strains was investigated. Finally, four mutant strains were found to be statistically 
significantly different with their parent strain in terms of hydrogen production (p<0.05). These 
mutants were identified to be individually defected in aroM, gatZ, ycgR and yfgI. Hydrogen 
productivity (µmol H2/ mg protein) of these mutant strains were 1.3-1.6 fold higher than that 
of strain BW25113. Surprisingly, all of these knockouts led to a faster growth rate and glycerol 
utilization under anaerobic condition. The findings is not only to better elucidate the metabolic 
pathway of E. coli under glycerol metabolism, but also can be used to create multiple knockouts 
to enhance hydrogen production in E. coli.  
 In summary, metabolic engineering and random transposon mutagenesis are powerful tools 
to redirect the metabolic route toward desired product and find out newly pathway, respectively. 
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These tools are not only useful in E. coli, but also in other microorganisms. Therefore, they can 
be applied for other robust hydrogen producing bacterium such as Clostridium, sp.   
 
5.3 Bioremediation of WAS and WG to produce biofuels and sludge 
reduction  
In general, anaerobic digestion is an essential part of WWTPs due to its substantial 
advantages such as low cost and high efficiency. This process is widely applied not only to 
reduce sludge quantity but also to produce usable biogas. Utilizing the alkaline pH nature of 
WG, a co-digestion of WAS (25%) and WG (50%) in this study helped reducing by 62% of 
sludge volume after a short time of incubation (8 h).  
Besides, as a result of alkaline effect, a high level of disintegration of sludge leads to better 
hydrolysis rate. In turn, conversion of glycerol and sludge biomass into H2 and CH4 accordingly 
improves. This study found that a co-digestion of 10% sludge and 1% WG at the final 
concentration was the optimal condition for hydrogen and methane production. Hydrogen and 
methane production increased by 24 fold after 1 day and by 8 fold after 8 days compared to the 
without supplemented WG samples under this condition, respectively. While at 1% WG and 
10% sludge both hydrogen and methane were produced at a relatively high rate, digestion 
condition of 5% WG and 10% sludge only produced hydrogen with a stable rate.  
Finally, the anaerobic digestion is obviously more useful for the biodiesel fuels (BDF) 
production plants. Operating cost of WAS and WG treatment would be certainly reduced 
because of no further pre-treatment required for stabilizing and dewatering WAS. For biogas 
production, depend upon the purpose, hydrogen or/and methane can be produced from either 




5.4 Future plan 
Regarding hydrogen production in E. coli from glycerol, hydrogen production and yield 
can be improved by further metabolic interventions. The septuple mutant strain from the first 
study can be used as a host for further blockings of aroM, gatZ, ycgR and yfgI. Creation of an 
engineered strain with 10 knockouts, BW25113∆ frdC ldhA fdnG ppc narG mgsA hycA aroM 

















Scheme 2. Schematic diagram of future study on improvement of hydrogen production in E. 
coli from glycerol by metabolic engineering and optimization of fermentation condition. 
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Additionally, co-overexpression of glycerol dehydrogenase (encoded by gldA) and 
dihydroxylacetone kinase (encoded by dhaKLM) can significantly improve the conversion of 
glycerol to DHAP as well as to enhance hydrogen production in E. coli under glycerol 
metabolism (Shams Yazdani and Gonzalez 2008). Hence, a hybrid plasmid containing gldA 
and dhaKLM can be introduced into the decuple mutant strain with 10 knockouts to faster 
consume glycerol and higher produce hydrogen. Hence, hydrogen production and yield of the 
newly strain would certainly enhanced.  
For the biogas production from wastes, the co-digestion of WAS and WG is a good tool to 
reduce sludge quantity and to produce H2 and CH4. This technique is industrially applicable to 
not only WG, but also to wastewater released from the BDF production manufacture, which 
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